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ABSTRACT 
A number of polyurethane (PU) I poly(ethyl methacrylate) (PEMA) interpenetrating 
polymer network nanocomposites were investigated with regard to morphology and 
energy absorbing ability. The nanoclays used were umnodified sodium 
montmorillonite clay and three different types of organically-modified clays: CI5A, 
C20A and C30B. The nanoclays were incorporated into the lPNs by using an in-situ 
polymerisation method. The clay dispersions were characterised by wide angle X-ray 
diffraction (W AXD) and transmission electron microscopy (TEM). The morphologies 
of the lPNs were determined with dynamic mechanical thermal analysis (DMTA), 
TEM and modulated-temperature differential scanning calorimetry (M-TDSC), while 
the mechanical properties were investigated using tensile testing and hardness 
measurements. 
Firstly, the original synthesis procedure and formulation was adjusted by varying the 
nanoclay C20A content, lPN composition ratio, nanoclay mixing time and PU catalyst, 
including a study of the PU and PEMA homopolymer composites. AlIlPN composites 
showed only partially intercalated nanocomposites as revealed by W AXD and TEM 
results. 70PU/30PEMA (70:30 composition ratio) lPN nanocomposites exhibited 
potential as materials for damping applications as it had a broad loss factor;::: 0.3 
spanning a wide temperature range. Secondly, the synthesis procedure was modified 
by changing the order of nanoclay mixing with homopolymer components. All lPN 
composites were based on a composition ratio of 70PU/30PEMA, 5 wt% C20A 
content, 1.2 wt% of PU catalyst and 30 min mixing time. High intensity ultrasonic 
waves were also introduced in the nanoclay mixing step for one hour. However, the 
ultrasonication showed only a marginal change in damping properties. Finally, a 
number of other nanoclays were incorporated into the 70PU/30PEMA lPN. All lPN 
composites achieved only a partial intercalation, except for the C30B-filled lPN where 
no changes were revealed by W AXD. All nanoclays caused a decrease in the glass 
transition of both homopolymers. IPN nanocomposites tended to reveal a higher extent 
of phase separation with increased clay content, but only the Na clay-filled lPN still 
showed a broad loss factor value, even at higher clay content. Improved modulus of 
elasticity was shown by all nanoclays, with increased clay loading. Whereas a 
moderate increase in the tensile strength was only shown at 1 wt% clay content. 
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CHAPTER! 
INTRODUCTION AND OBJECTIVES 
1.1 Introduction. 
Polymers are ubiquitous in daily life. Major industries depend on them. Neither the 
food packaging industry nor the modem electronics industry could exist without 
polymers. Polymers are also used in buildingiconstruction, household goods, toys, 
appliances, transportation, furniture and agriculture. Their rapid growth was due to 
easy processing, inexpensive raw materials, and a wide range of useful and often 
essential properties. In spite of this, the development of other novel polymers is needed 
and is now of great interest to scientists. 
In the era of the 1960s, multi-component polymer materials were recognised(l). 
Polymer blends, grafts, and blocks, of existing polymers, and/or combining them with 
suitable fillers provided further options for investigation and application. Another type 
of polymer blend is the interpenetrating polymer network (IPN). It is defined as a 
combination of two polymer networks, at least one of which is synthesised and/or 
crossslinked independently in the immediate presence of the other(l·2). Many IPNs 
exhibit better mechanical properties than their individual networks due to a synergistic 
effect induced by forced compatibility of the components. Because of their mechanical 
properties being changed over a wide range by changing the ratio of components and 
conditions used in their preparation, IPNs are of great interest in commercial materials 
for automotive parts, tough plastics, ion-exchange resins, outdoor weathering, 
controlled drug delivery agents, artificial teeth and sound and damping components(2). 
Amongst these applications, IPNs are now an important class of materials for damping 
purposes(I.2). Sound and vibration damping are very important in the world today. IPNs 
are known to introduce forced polymeric interactions between immiscible polymers, 
which are then able to present high connectivity between the phases, allowing the 
formation of fine, controllable and stable dispersed phases. IPN synthesis and 
compositions can be designed in such a way that interaction forces and volume of 
interface between phases are maximised in order to achieve the highest damping. 
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Many studies have examined the damping behaviour ofIPNs and it has been shown to 
be dependent on intensity of specific interaction(3'5), crosslink density3,6,12), phase 
domain size or morphology (3,6,11,12) and combinations ofthese(4,6). Specific interactions 
. amongst immiscible, dissimilar components tend to increase damping ability as they 
contribute to an increase in the cohesiveness and the connectivity between phase-
separated components, whilst the intramolecular crosslink density increases the 
cohesiveness of each phase and its influence on damping ability depends on the 
morphology of the resultant system. Therefore, the presence of crosslink bonds can 
limit the chain segmental motion and fine dispersed domain phases can be set by its 
actuation. 
The phenomenon of phase separation in IPNs is governed by the kinetics of the 
formation process and polymer component interactions(3,13). It is well known that a 
simultaneous interpenetrating network (SIN) formation offers the best inter-segmental 
contact for a given composition by reaching simultaneously the gel point of the two 
independent polymerisation reactions, resulting in an interlocked polymeric system(2). 
The broadening and/or shift of individual thermal transitions can be used as indicative 
of the degree of dispersity and/or miscibility ofthe phases(2). 
During the past decade, much attention has been paid to polymer nanocomposites 
based on organophilic layered silicates(l4,15). Because of the nanometric dispersion of 
the silicate layers, this new family of materials shows properties that are completely 
different from those of composites in which the inorganic component is dispersed at 
the micrometre level(14,17). Unexpected properties, such as a large increase in 
mechanical strength(l8,23), thermal stability(24,26), and an increase in flame 
retardency(27,28) and permeability to gases, such as oxygen and moisture(29'31), have 
been noticed. 
Depending on the polymer, different methods have been reported for nanocomposite 
preparation. The most important ones are in-situ polymerisation and melt intercalation. 
In the first method, the organocJay has to be swollen in monomer(l4). The key is to 
control the polymerisation occurring between the layers whereas clay is mixed with the 
melted preformed polymer in the second method(14). There are two extreme structures 
2 
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for nanocomposites, i.e. intercalated nanocomposites in which polymer chains are 
intercalated between the silicate layers with formation of well-ordered multi-layers 
with a repetitive thickness of a few nanometres and delaminated, or exfoliated, 
nanocomposites in which the individual silicate sheets are fully dispersed in the 
polymer matrix. Moreover, intermediate structures in which silicates are partially 
intercalated/partially exfoliated can also be obtained(l4,32-34). 
Many investigations(35-40) proposed that the combination of a glassy polymer and a 
rubbery polymer at room temperature produce IPNs possessing a broad transition 
temperature and properties which also depend on the composition ratio and which 
component forms the continuous matrix. In the present study, the simultaneous 
polymerisation technique was used for the preparation of IPNs, consisting of an 
elastomeric (polyurethane). component and· a glassy (poly(ethyl methacrylate)) 
component. Polyurethane polymers provide a good span for the spectrum of properties, 
including very good elasticity, excellent abrasion resistance and damping properties, 
high impact strength, and elongation which have been widely used in many 
applications(41). Nevertheless, polyurethanes can not be utilised in some applications 
because of their low modulus(42). Whilst poly(ethyl methacrylate) possesses a high 
modulus and very good hardness, it is too brittle to be utilised in many instances. 
Therefore, a blending technique is applied utilising IPNs of the two polymer 
components that can amend the deficiencies of each individual polymer. Since the 
composition ratio is one of the significant factors controlling the miscibility of IPNs, 
so a ratio 0[70/30 polyurethane/poly( ethyl methacrylate) IPN composition (by weight) 
was first investigated. This composition ratio revealed a broad loss factor, tan 0, of ~ 
0.3 sparming a temperature range of 132°C(43,44). 
Until now, there has been no work reported regarding the synthesis and 
characterisation of organoclay IPN nanocomposites. Therefore, in the early stage of 
this study, the organoc1ay, Cloisite 20A, was incorporated into the IPNs by using an 
in-situ polymerisation method, in order to obtain the polyurethane/poly( ethyl 
methacrylate) IPN organoclay nanocomposites and to investigate the effect of 
concentration of organoclay on the mechanical and dynamic mechanical behaviours of 
the IPN. The influences of organoclay, Cloisite 20A, on the polyurethane and 
3 
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poly(ethyl methacrylate) homopolymers were conducted as well. Consequently, the 
variation of mixing time, amount of polyurethane catalyst and the composition ratio of 
polyurethane/poly(ethyl methacrylate) were also examined. In addition, because of its 
crucial influence in determining the morphology of simultaneous IPNs, the method and 
order of synthesis were varied, including the use of ultrasonication. Studies(4547) have 
reported that the introduction of high intensity ultrasound in a mixing process has led 
to exfoliated nanocomposites and the clay aggregates in the ultrasonically processed 
nanocomposites were also more finely dispersed than in the simple mixing methods. 
Furthermore, a number of other nanoclays were incorporated into the IPNs in order to 
investigate the effect of types and concentration of nanoclays on the IPN properties, 
which, hopefully, would be improved especially in damping behaviour. 
1.2 Objectives of the study. 
The purposes of this study were to prepare and characterise novel high damping IPN 
organoclay nanocomposites based on polyurethane/poly(ethyl methacrylate) with a 
high energy absorbing ability spanning a broad temperature range. 
The objectives of the present study were the following. 
1. To synthesise polyurethane/poly(ethyl methacrylate) IPN organoclay 
nanocomposites. 
2. To examine the effect of organoclays on the damping properties, morphology and 
mechanical properties of these IPN nanocomposites by appropriate characterisation 
techniques. 
3. To investigate the effect of synthesis variables, including mixing time, the amount 
ofPU catalyst and the composition ratio ofpolyurethane/poly(ethyl methacrylate) 
on IPN nanocomposite properties. 
4. To elucidate the relationship between the morphology of IPN organoclay 
nanocomposites and their dynamic mechanical and general mechanical properties. 
5. To develop high damping IPN organoclay nanocomposites by selection of a 
suitable method of synthesis, and to characterise their damping characteristics and 
mechanical properties. 
4 
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2.1 Interpenetrating polymer networks. 
2.1.1 An introdnction to interpenetrating polymer networks. 
Definition. 
Polymer blends and composites have received increased attention because of the 
continuous need for engineering polymers with improved properties. Interpenetrating 
polymer networks (IPN) are an important class of material with broad interest from 
both the fundamental and industrial points of view. By definition, an IPN is an intimate 
combination of two or more cross-linked polymers, at least one of which has been 
synthesised and/or cross-linked in the immediate presence of the other(I,2). IPNs are 
related most closely to block copolymers and polymer blends. An IPN can be 
distinguished from the multi-phase polymers for two reasons. The first reason is an 
IPN swells in the presence of solvent, but it does not dissolve. The second reason is 
creep and flow, are suppressed. It is also widely accepted that most IPNs are phase 
separated. The phenomenon of phase separation in IPNs is governed by polymer 
component interactions and the kinetics of the formation process(l). 
Types ofIPN. 
From the synthesis point of view, IPNs can be made in many different ways as 
follows(I,2). 
• Sequential IPNs. Polymer network I is polymerised first. Monomer, crosslinker 
and activator of the second polymer are then swollen into network I and 
polymerised in situ(I,2). See Figure 2.1 (a). 
• Simultaneous interpenetrating networks (SINs). Both monomers, plus their 
crosslinkers and activators, are mixed and synthesised simultaneously by non-
interfering reactions. This is often accomplished by polymerising one network by a 
step reaction polymerisation, while the other network is formed by a chain 
polymerisation (2). See Figure 2.1 (b). 
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(a) Sequential Interpenetrating Polymer Network . 
••••• 
crosslinker I 
polymerise 
•••••• 
monomer I 
polymerise 
(b) Simultaneous Interpenetrating Polymer Network . 
crosslinker I ••••• 
monomer I •••••• 
polymerise 
crosslinker I1 
monomer 11 Of] "H] [Hi! 
Background and literature review 
eeeeo 
crosslinker I1 
[][][][][][] 
monomer 11 
Figure 2.1 A schematic diagram of the two basic polymerisation methods to form 
IPNs: (a) a sequential IPN; (b) a simultaneous interpenetrating polymer network 
(SIN)(2). 
• Latex IPNs. A latex IPN is synthesised by a sequential emulsion polymerisation 
method. The morphology of the IPN depends on how the IPN components are 
polymerised. In case monomer I is first polymerised to form a latex and monomer 
II then added, the morphology depends on how fast monomer II diffuses into the 
6 
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first latex. It can have either a homogeneous morphology or a core-shell 
morphology in which most of monomer II reacts near the surface of the latex 
particle(I.2). 
• Gradient IPNs. In this system, the overall composition of the material varies 
systematically from location to location on the macroscopic level. For instance, 
network I could be predominantly on one surface of a film, network II is 
prevalently on the other surface, and the interior composition gradually varies from 
one surface to the other(2). 
• Thermoplastic IPNs. Thennoplastic IPNs are hybrid polymer blends fonned using 
physical crosslinks rather than chemical crosslinks. Thus, they are mouldable and 
they behave like thennosets and IPNs at the used temperature(2). 
• Homo IPNs. Homo IPNS are IPNs in which both polymers used in the networks 
are the same(2). 
• Semi or Pseudo-IPNs. Semi- or pseudo-IPNs are materials in which one of the 
components has a linear or branched structure instead of a network structure(2). 
IPN Applications. 
Most IPNs are combinations of elastomers and plastics. So they exhibit both tough 
plastic and reinforced elastomer properties, depending on which phase predominates. 
IPNs have a wide range of applications. A partial list of the commercial materials is 
shown in Table 2.1 (2). 
Homo-IPNs based on styrene provide excellent ion-exchange materials for 
applications such as water-purification(48). The Rohm and Haas company is well 
established in this product applications area. IPN s can be designed as mechanical 
energy absorbing materials if one component is a rubbery material, low Tg, and the 
other is a rigid, glassy material, high Tg(2.40.41.48). One example of a sound damping 
material are the full-IPNs composed of rubbery vinyl polymers and phenolic 
compounds developed by Hitachi Chemical(48). 
7 
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Table 2.1 Commercial IPN materials(2). 
Composition Application 
SEBS-polyester Automotive parts 
Silicone rubber-PU Gears or medical 
Background and literature review 
Trade Name Manufacturer 
Kraton IPN Shell Chemical Company 
Rimplast Petrach Systems Inc. 
PU-polyester-styrene Sheet molding compounds ITP ICI Americas Inc. 
Shell Research B.V. 
Rhom&Haas 
rubber-PE Tough plastic 
Anionic-cationic Ion exchange resins 
EPDM-PP Tyres, hoses, belts, gaskets Santoprene 
EPDM-PP Outdoor weathering Somel 
EPDM-PP Paintable automotive parts Vistalon 
Acrylic-urethane-PS Sheeting molding Acpol 
compounds 
Acrylic-based Artificial teeth Trybyte 
Vinyl-phenolics Damping compounds 
Monsanto 
DuPont 
Exxon 
Freeman Chemical 
Dentspy International 
Hitachi Chemical 
Glassy-glassy IPNs have also found good applications. For example, homo-IPNs made 
of poly(methyl methacrylate) by Dentsply International are used as artificial teefu<49). 
Artificial teeth can be made of porcelain or polymers, but polymers are much more 
tough and resist chipping. According to the Dentsply patent, IPNs exhibit advantages. 
One is the reduction of swelling by solvents. Another one is it can be ground as a fine 
powder. 
Reaction of functionlised silicones in a thermoplastic melt, such as Nylon-6, 6, can 
form a thermoset material that interpenetrates the thermoplastic, known as Rirnplast 
thermoplastic IPNS(48) The IPNs based on the silicone and thermoplastic can be 
prepared by reaction injection moulding (RIM) process, which both constituents are 
injection moulded and reacts to form the IPNs in the mould. Petrach Systems Inc. uses 
this process to increase tensile, flexural strength and creep resistance of the IPNS(48). 
Impact modifiers in thermoset resins, especially, those based on styrene and 
unsaturated polyesters can be provided by rubber-based IPN latexes(48,50,51) with 
surface functionality because they have a core-shell morphology. One of the specific 
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materials are crosslinked butyl acrylate acting as the rubbery core and methyl 
methacrylate and glycidyl methacrylate acting as the shell material. 
A microporous semi-IPN based on tetrafluoroethylene and silicone(48,52) is used as a 
wound dressing material. It is sold under the trade name Silon-IPN from Bio Med 
Sciences. The tetrafluoropolymer component contributes physical strength and the 
silicone component contributes elasticity and transparency. The combination of these 
two biocompatible materials provides a film that has a soft and compliant character. 
This thin film allows oxygen and moisture to diffuse through the material. Therefore, 
this material is "breathable", which is vital in wound care applications. 
One of the interesting applications for gradient IPNs is delivery of medication. In this 
system, the first network is formed into suspension - sized particles. The extra amount 
of the drug to be delivered and one of the components of a condensationpolymer(53) 
are dissolved into the network. After rolling in the particles, the second component of 
the .condensation polymer swells into the suspension particles. During its diffusion, the 
second component meets and reacts with the first component to form a network. 
Other applications include flexible, solid electrolytes(54), adhesive bonding of denture 
teeth(55), latex printing ink compositions(56), latex binders for non-woven products(57), 
and high temperature polymers as semi-IPNs(58). 
2.1.2 Morphology ofIPNs. 
The outstanding behaviour of most IPNs and other mUlti-component polymer systems 
is usually derived from the phase separated nature of these materials. The phases vary 
in amount, domain size and shape, sharpness of their interfaces, and degree of 
continuity. The morphological detail strongly influences the physical and mechanical 
properties of the materials. Two major mechanisms of phase separation are proposed 
in multi-component polymer systems: nucleation and growth, and spinodal 
decomposition(2). IPNs can undergo both mechanisms. 
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Nucleation and Growth. 
Nucleation and growth mechanism(2,59) generates initial fragments of a new and more 
stable phase within a metastable phase. Firstly, nucleation forms an unstable 
intermediate embryo, the so-called a nucleus. After these nuclei are formed, the system 
decomposes with a decrease in free energy, and the nuclei grow. This mechanism is 
the growth process, resulting in a two-phase system with dispersed droplets or 
domains. Figure 2,2 shows the nucleation and growth kinetic mechanism of a multi-
component solution of composition Co which has a tie-line Ca-Ca'. If a nucleus of 
composition Ca' is formed, the individual molecules within the concentration Co will 
diffuse downhill into the lower concentration Ca, During the growth process, the 
concentration within the nuclei remains constant at Ca and Ca', but the interfaces 
between two phases vary with time. The final droplet sizes and the distances between 
them depend on time and rate of diffusion. Later, the droplets become larger by 
coalescence, coarsening until the phase separation appears. 
Co 
Ca ---
Figure 2.2 A schematic concentration profile of the nucleation and growth mechanism 
with the corresponding phase structure(59). 
SpinodaJ Decomposition. 
The spinodal decomposition mechanism(2,59) generates a spontaneous and continuous 
growth of new phase within an unstable phase. The growth originates from small 
amplitude composition fluctuations of the sinusoidal composition modulation with a 
certain maximum wavelength. Spinodal decomposition tends to form interconnected 
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cylinders of the second phase. These cylinders grow by increasing their wave 
amplitude. Figure 2.3 shows the spinodal decomposition mechanism of a multi-
component system of composition Co. 
Co ------------------
Figure 2.3 Schematic concentration profile of the spinodal decomposition mechanism 
with the corresponding phase structure(59). 
If the individual molecules of the new phase component continually diffuse uphill 
from the low concentration region into a cylinder domain, the system will 
spontaneously and continuously decompose into two phases of composition Ca and Ca'. 
The domain shape and size may be changed in the coarsening and coalescence as 
shown in Figure 2.4. However, phase separation might be restricted by crosslinking 
which keep the domains small. 
It is believed that IPNs undergo both nucleation and growth and spinodal 
decomposition mechanism(2). The morphology development during IPN 
polymerisations may be outlined in four distinct stages(2). Firstly, monomer II may be 
dissolved in polymer or network I, obtaining an optically clear mixture. Then it 
suddenly clouds up in the polymerisation stage 2, which means phase separation 
occurs by the nucleation and growth mechanism to control the spheres of the new 
phase. Further proceeding to stage 3, interconnected cylinders are created and increase 
in number during the latter stages of polymerisation, indicating the spinodal 
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decomposition mechanism. Finally, the resulting morphology may become less distinct 
because ofthe high viscosity of the system, leading to a reduction of diffusion towards 
the equilibrium state. The model(2) of the progress of morphology development is 
shown in Figure 2.5. 
~m.1I' ~~~i t. 
5 
Figure 2.4 Coarsening and coalescence III the final stage of spinodal phase 
separation(60). 
•• • et 
• • • • 
" .•. 
• •• • 
2 
Figure 2.5 A model ofthe progress of morphology development(2). 
2.1.3 Factors influencing IPN morphology. 
The prominent behaviour of an IPN is the dual morphology2), defined as the continuity 
of both phase I and phase II domains throughout the macroscopic sample, which 
strongly influences the physical and the mechanical properties of the material. The 
important factors that control the morphology include: chemical compatibility of the 
polymers; crosslink densities of the networks; polymerisation method and conditions, 
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and the IPN composition ratio(l). These factors may be inter-related or varied 
independently. 
Chemical compatibility_ 
The miscibility of polymer materials indicates the ability of two or more polymer 
substances to mix together at the molecular level without objectionable separation. 
Many multi-component polymer systems show a large degree of phase separation and 
two distinct glass transitions. Thus, the compatibility, or homogeneity, of a multi-
component polymer can be defined in relative terms ofthe dimensions ofthe separated 
phases. 
Kaplan(61) has treated compatibility as a relative term and defined it by a compatibility 
number,Nc• 
Ne = 
Experimental probe size 
Size of phase domains (2.1) 
The experimental probe size can be provided as the scale of resolution of an 
instrumental technique. The domain size is the average dimensions of the dispersed 
phase in the polymer blend. Figure 2.6 represents a two-phase system which illustrates 
the definition of compatible, incompatible and semi-compatible systems. When Ne 
approaches zero, two distinct transitions corresponding to each component are 
observed. This is because the dimensions of each existing phase are much greater than 
the probe size of the instrument. A change in peak heights could be found if volume 
fraction ofthe component change, but not shifts along the temperature axis. 
When Ne approaches oc, the compatible case, the phase dimension is much smaller 
than the probe size. Thus, the instrument is unable to detect small compositional 
fluctuations. Then a single Tg, which is an average of the contributions of each 
component, is detected. Therefore, in a two-phase system a single or double transition 
detected by an instrument would give an indication of the dimensions of the phases 
present in the system. Many techniques can be used to characterise IPN morphology 
such as differential scanning calorimetry (DSC)(62-69), dynamic mechanical thermal 
analysis (DMTAi62.65.66.69), microscopy(62-65.66.68), x-ray techniques(65-67.70) and light 
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scattering techniques(69). The approximate useful range of each technique is shown in 
Figllre 2.6 Schematic diagram of electron micrographs of two phase systems. Arrows 
represent the probe size(61). 
From the thermodynamic point of view(l), the compatibility of multi-component 
polymers can be explained by the Gibbs free energy of mixing, ~Gm, which is 
expressed as follows. 
(2.2) 
where ~Hm and ~Sm are the enthalpy and entropy of mixing, respectively, and T the 
absolute temperature in K. The spontaneous mixing process occurs only when ~G is 
negative. Equation (2.2) can be written more precisely in terms of molecular chain 
structure and interactions as shown by equation (2.3). 
~Gm = V ("I - "2)2 VIV2 + RT (ndn VI + n2ln V2) (2.3) 
where V is the molar volume of the mixture, "I and "2 are the solubility parameters of 
the two components, nl and n2 are the number of moles of the two polymers, and VI 
and Vl are their volume fractions. The first term implies the heat of mixing, and the 
second term infers the entropy of mixing. Generally, the entropy of mixing is positive 
because of the entropic term increasing with temperature. In contrast with small 
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molecules, the entropic changes on mixing oflong chain molecules are very low. Thus, 
the enthalpy of mixing becomes the decisive factor. 
Domain size I .. 
Microscopy 
Spectroscopy ~_N_M_R.:..., I_R-3> 
Thermal 
Mechanical 
Dielectric 
Diffraction 
( 
( 
2 
" . 
3 4 5 
<E-- Optical 
~(--------------SEM--------------~ 
( TEM-------------,». 
~('---------- Tg method; DSC, DMTA ---------1 
) 
) 
~(----- SAX -----'». 
( SAN ) 
<E-- Light scattering 
10.2 10" 10' 
Scale {/lm} 
Figure 2. 7 Approximate ranges of experimental techniques to study blend morphology 
of: 1) interatomic; 2) molecular, spherulites; 3) filler aggregates, compatibilised 
blends; 4) reinforcements, non-compatible blends; 5) voids(6o). 
The enthalpy term is governed by the solubility parameters as shown in equation (2.3). 
Thus, the compatibility of two polymers can be expected if their solubility parameters 
are nearly the same, which results in a smalll1Hm term. 
Thus, phase separation occurs when the Gibbs free energy of mixing changes sign, 
from negative to positive during molecular weight increase in the polymerisation 
process. However, permanent entanglements in IPNs tend to confine chain mobility, 
and, consequently, they prevent phase separation from taking place completely. So, 
two kinetic terms are used to control the phase separation: the rate of network 
formation and the rate of phase separation. Roughly speaking, if phase separation 
occurs before gelation, the phases will be relatively large, but normally reduced 
compared to those occurring in normal blends because of the presence of crosslinks(71). 
On the other hand, if gelation happens before phase separation, crosslinking will 
impede the amount of phase separation and domains might be very small, depending 
on the crosslink densities of both polymer networks(71). 
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Cross link density. 
It is believed that the crosslink density is an important factor influencing the network 
morphology(72). Since, in the presence of crosslinking, the tightened networks, 
especially the first network, restrict the size of the phase domains, and thus increase 
the compatibility. 
Donatelli et al.(73) proposed that an increased crosslink density in polymer network I 
decreased the domain size of polymer II in styrene-butadiene rubber/polystyrene 
(SBRlPS) IPNs, as shown in Figure 2.8. However, variation of crosslink density in the 
second network, PS, had little effect on the IPN morphology, indicating that the first 
network was the major control of morphology(73). 
(a) (b) 
Figure 1.8 Electron micrographs of 20/80 SBRlPS IPNs. The rubber is crosslinked 
with (a) 0.1%, (b) 0.2% dicumyl peroxide(73). 
Hourston et al.(74-76) studied the relationship between crosslink density, morphology 
and mechanical properties in polyurethane/poly(methyl acrylate) (PUIPMA) sequential 
IPNs. From electron micrographs, the PU component was presented as a continuous 
phase, and, as the divinyl benzene (DVB) content increased, the PMA domain size was 
marginally reduced, suggesting that the PMA component became more continuous(76). 
They also found that a semi-2 IPN, in this case a linear PU synthesised in MA which 
was then itself polymerised and crosslinked, showed a dramatic shift of the loss factor 
peak of the PU-rich phase towards higher temperature as the crosslinking agent content 
increased. This indicated an increasing degree of mixing(75). Similar tends were 
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obtained from the dynamic storage modulus, showing both transitions were broad, 
again indicative of an increasing degree of mixing with increasing crosslinking agent. 
Their former study on semi-I IPN, showed clearly that increasing the crosslink density 
in the first formed network produced more effects than when increasing the crosslink 
density in the second network. Nevertheless, the loss factor values decreased with 
increased levels of crosslinker, which meant the material tended to be more stiff and 
brittle. 
In contrast, some studies exhibited phase separation as the cross link level was raised. 
Felisberti et al.(77) studied the morphology of the poly(vinyl methyl ether)-cross-
polystyrene semi-IPNs. Homogeneous, single-phase networks were obtained at low 
levels of crosslinking (I and 2 mol% of crosslinker). Phase separation occurred as the 
amount of crosslinker was increased. 
Studying a deuterated polystyrene/poly(vinyl methyl ether) IPN by using SANS, Bauer 
et al. (78.79) also found phase separation even at low levels of crosslinking agent, 
indicating the large effect cross linking had on thermodynamics and compatibility. 
Polymerisation method and condition. 
In sequential IPNs, the network formed first tends to be continuous, having the greater 
degree of continuity(I). Even though the order of polymerisation is reversed in 
sequence, the new morphology is again controlled principally by the first network(80). 
Dual phase continuity tends to occur at the mid-range and high concentration of 
polymer n. Because of its synthesis procedure, the maximum incorporation of 
monomer n depends upon the equilibrium swelling of polymer I. For simultaneous 
IPNs, sometimes called the one-shot technique, with both networks forming at the 
same time, but not necessarily at the same rate{l), this allows for a wide range of 
compositions to be produced where any composition of monomers can be combined, 
but the morphologies are more complicated. Simultaneous IPNs tend to show less dual 
phase continuity than sequential IPN s. 
Huelck et al.(80) examined poly(ethyl acrylate) - poly(styrene-co-methyl methacrylate) 
IPNs by inverting the order of preparation. Electron micrographs showed that the 
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network synthesised first controlled the morphology of the IPNs, comprising the more 
continuous phase. A similar finding was made by Donatelli et al.(81) on styrene-
butadiene (SBR) copolymer - polystyrene IPNs. 
Many comparisons between the IPN morphology prepared by the sequential and the 
simultaneous techniques have been made. Fox et al. (82) studied the influence of 
sequential and simultaneous PU/poly-(n-butyl acrylate-co-n-butyl methacrylate) IPNs 
on the morphology. From dynamic mechanical results, they showed that the 
simultaneous IPN s exhibited the lower and broader loss factor peaks indicating greater 
phase separation, or crosslinking, than the corresponding sequential IPNs. 
In contrast, Akay et al.(39) compared simultaneous and sequential PUIPMMA IPNs by 
using scanning electron microscopy. The appearance of the PMMA fracture surfaces in 
simultaneous IPNs was uniform, implying an intimacy of mixing between the 
component polymers. In sequential IPNs, however, the non-uniformity of 
interpenetration could be seen from the respective fracture micrographs, where PMMA 
aggregates were clearly visible in all the IPN compositions. Also, the simultaneous 
systems indicated much higher elongations to failure and greater tensile strengths than 
. the sequential ones. 
It was also believed that the synthesis conditions have a major effect on morphology 
and properties of IPNs. PUIPMA IPNs of a fixed composition (50/50 weight ratio) 
were studied for the effect of synthesis temperatures by Hourston et al.(83) Dynamic 
mechanical results showed that, with decreasing synthesis temperature, the PMA loss 
factor transition shifted to lower temperatures and merged with the PU transition, 
which also shifted to higher temperatures. The merging of the peaks at lower synthesis 
temperature indicated improved mixing. As a consequence, also greater values for the 
half-peak width of loss factor peaks were found at the lower temperature, indicating 
greater phase separation. 
On the contrary, there was no significant effect of synthesis temperatures on the 
physical properties of the IPNs. This was probably a consequence of thermal damage 
to the PU network, rather than to any phase separation. 
18 
---------------------------------------------
Chapter 2 Background and literature review 
IPN composition ratio. 
Literature(35.37) shows that the relative amounts of the two phases present after 
polymerisation strongly relate to the IPN composition and polymerisation method. The 
combination of a glassy polymer with an elastomeric one can produce IPNs possessing 
a wide range of properties depending on which component forms the continuous 
matrix. Therefore, IPNs may exhibit the properties from reinforced elastomers through 
to rubber reinforced high impact plastics. 
Kim et al.(84,85) investigated PUIPMMA IPNs with varied composition ratios. Electron 
micrographs showed finer phase domains than PUIPS IPNS(86), indicating higher 
compatibility in PUIPMMA IPNs. They also found that phase inversion occurred 
between the 15/85 and 85/15 composition ratio. The continuous morphology happened 
only when either PU or PMMA content exceeded 85 wt%. This morphology occurred 
probably because the relative rates of the two polymerisations were about the same, so 
the network formed first generally tended to be the more continuous phase. Thus, the 
concentration here seemed to be asignificant factor of the continuity. 
Akay et al.(38) investigated the influence of composition ratio on the morphology of 
PUIPMMA sequential IPNs. The dynamic mechanical behaviours showed that at the 
extreme IPN compositions, Le. PUIPMMA ratio of 80120 and 20/80, single relatively 
sharp loss factor peaks were obtained and at the intermediate IPN compositions broad 
loss factor peaks were obtained. This was corroborated by the results of the various 
mechanical properties. The elastic modulus, ultimate tensile strength and hardness 
increased, but impact strength decreased with increasing PMMA content. 
Schafer<44) studied simultaneous PUIPEMA IPNs and PUIPS IPNs. He found that no 
gross phase separation was observed for all PUIPEMA IPN compositions, whereas the 
PUIPS IPN s showed the phase domains of spherical shape, indicating better 
component mixing in PUIPEMA IPNs. Both IPNs changed their morphology 
considerably with composition ratio, especially the PUIPEMA IPNs. He also found 
that phase inversion occurred between the 30:70 and 20:80 PUIPS IPN compositions. 
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2.1.4 Physical behaviour ofIPN s. 
The general properties of IPNs depend on three main factors(87): the properties of the 
component polymers; the phase morphology and the interactions between the phases. 
As with other two-component materials, some properties of IPNs are approximately 
simple averages ofthe properties of the component polymers. 
Density. 
The density behavionr of IPNs has been debated. Millar(88) found increased densities in 
PSIPS sequential IPNs. He suggested that some of the "holes" in the comparatively 
loosely packed amorphous PS structnre were filled by self-entanglement of the 
forming network. However, Klempner et al.(89) results agreed with those of Shibayana 
and SUZUki(90), who found practically no difference in density between IPNs and the 
constituent networks in a similar system of PSIPS sequential IPNs. Frisch et al.(91,92) 
also found no difference in density in PU/polyacrylate latex IPN s. 
Kim(84) found the density-composition curve showed significantly increased density in 
PUIPS IPNs, while there was a slight increase in PUIPMMA IPNs. This seemed to 
contradict the morphological and glass transition behaviours of the two IPN systems, 
where the degree of mixing in PUIPMMA IPNs was shown to be higher than that of 
PUIPS IPNs from the observed dispersed phase domain size and the shift in glass 
transition, Tg. 
Clarity. 
Clarity, or optical transparency, is one of the practical indications of compatibility I) of 
two component materials. Because of the different refractive indices of phase domains, 
they scatter light which results in a hazy, translucent, or milk-white appearance(I). 
This property depends on the amount of light scattered by the material, which is 
proportional to the square of the difference of the refractive index of the two 
components and to the sixth power ofthe radius of the dispersed phase, assuming very 
small particles(93). Therefore, optical transparency depends on the type of phase 
separation and domain size. If the refractive indices of the two polymers match, the 
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mixtures should be clear, otherwise the result may be a hazy, or milk-white, 
appearance. Suppression of phase separation is required for high clarity<94.96). 
Lipko et al.(97) synthesised a fluorocarbon elastomer/acrylic semi-II IPN system. They 
showed the grafting effect of high energy ~ or y irradiation versus UV irradiation. The 
former two suppress domain formation through grafting, resulting in a clearer 
appearance than the latter. The UV -irradiated samples always exhibited significant 
haze levels. They also proposed that a critical concentration level of acrylic was 3%. 
Above that level, the material became hazy, indicating the phase separation. In 
conclusion, high clarity can be maintained if phase separation is suppressed, phase 
domains are made smaller, and/or the composition within the phase is made more 
alike(98,99). 
Glass transition behavionr. 
The most commonly used method for establishing compatibility in multi-component 
systems, or partiai mixing; is through determination of the glass transition(58). A 
miscible polymer blend exhibits a single glass transition between the Tg's of the 
components with the sharpness of the transition similar to that of the components. 
With cases of limited compatibility, such as polymer blends, in general, and IPNs in 
particular, two separate transitions between those of the constituents occur, depicting a 
component I-rich phase and a component 2-rich phase. Shifts and broadening of the 
transitions indicate the extent of molecular mixing(IOO). 
HueIck et al.(80) evaluated the loss and storage moduli of poly(ethyl 
acrylate)/polystyrene (PEAlPS) and PEAlPMMA IPNs. Because of increased 
attractive forces, PEAlPMMA became more compatible, showing one broad glass 
transition, indicating an extensive overlap of the two primary transitions. On the other 
hand, PEAlPS IPNs exhibited two separate glass transitions and loss peaks, as shown 
in Figure 2.9. No IPN has been found that behaves in a marmer similar to the 
equivalent random copolymer, that is, one sharp glass transition(87). The effect of 
composition on the modulus of an incompatible polymer pair, CIS-
polybutadiene/polystyrene (PBIPS), was examined by Curtius et al(lOl). Two distinct 
transitions were observed for all IPN compositions. The peak shifts were minimal as 
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illustrated in Figure 2.10 (a). The morphology of these IPNs exhibited a relatively 
sharp phase domain separation. 
For the composition ratio comparison of semi-compatible IPNs, Huelck et al.(80) 
studied the modulus behaviour of PENPMMA IPNs. They found only one broad 
transition for all IPN compositions, as shown in Figure 2.1 0 (b). More probably the 
combined transitions of all possible compositions could contribute independent 
transitions(IOO). 
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Figure 2.9 Storage (E') and loss (En) moduli: (a) 48.8/51.2 PENPS; (b) 47.1/52.9 
PENPMMA IPNs. Both at 110Hz (80). 
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Figure 2.10 Modulus-temperature behaviour of (a) incompatible cis-PB/PS IPNS(IOI) 
and (b) compatible PENPMMA IPNS(81). 
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2.2 Dynamic mechanical behaviour and damping with IPNs. 
Damping behaviour of materials is of practical importance as the degree of damping 
affects the behaviour under vibratory loading. In particular, higher damping results in 
lower stresses under forced vibration near resonance, and also in more rapid decay of 
free vibrations. Damping behaviour may, thus, affect the choice of materials in 
vibration-sensitive applications. Damping behaviour is characterised in dynamic 
mechanical terms. 
2.2.1 Dynamic mechanical properties of polymers. 
Polymers commonly exhibit a combination of liquid (viscous) and solid (elastic) 
behaviours under deformation. They are called viscoelastic materials. Generally, 
viscoelasticity refers to both the time and temperature dependence of mechanical 
behaviour{l 02). 
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Figure 2.11 Five regions of viscoelastic behaviour for a linear, amorphous polymer. 
Also illustrated are effects of crystallinity ( dashed line) and cross-linking (dotted 
line)(Io2). 
As shown in Figure 2.11, viscoelasticity can be sub-classified into five typeS(\02). In 
region I, the glassy state, the polymer is glassy and frequently brittle, where chain 
segmental motion is quite restricted and involves mainly only bond bending and bond 
angle deformations(I03). Region II is the glass transition state. The behaviour of 
polymers in this state is best described as leathery. The glass transition temperature, 
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Tg, is often taken at maximum rate of turndown of modulus or at a discontinuity of the 
thermal expansion coefficient. From the qualitative point of view, the glass transition 
region can be interpreted as the onset of long-range, coordinated molecular motions, 
where some 10-50 chain atoms attain sufficient thermal energy to move in a 
coordinated manner. With increasing temperature, polymers change from the glass 
transition state to the rubbery plateau, state III, where polymers exhibit long-range 
rubber elasticity, meaning the elastomer can be stretched, and snap back to 
substantially its original length on being released, This stage is involved with both 
side-chain and main chain rotations. Region IV, the rubbery state, where local 
segmental mobility occurs, but total chain flow is restricted by a physical and/or 
chemical network matrix structure. Finally, the liquid flow region where irreversible 
bulk deformation and slippage of chains pass one another occurs. 
The ability of polymers to damp vibrations and absorb sound is a function of their 
viscoelastic nature, especially their glass transition behaviour, which can be 
characterised in dynamic mechanical terms. When a viscoelastic polymeric material 
undergoes repeated small-amplitude strains in a cyclic manner, a portion of the energy 
is stored elastically and is represented as the storage modulus, E'. Another portion of 
energy is dissipated in the form of heat and is represented as the loss modulus, E". 
Figure 2.12 illustrates a viscoelastic ball during dropping onto a perfectly elastic floor, 
indicating the simple definition ofE' and E". 
E' 
Figure 2.12 Simplified definition ofE' and E" (102). 
Dynamic mechanical analysis yields both the elastic modulus of a material and its 
mechanical damping, or energy dissipation, characteristics, which can be determined 
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as a function of frequency, time, and temperature. For linear viscoelastic behaviour, 
when a sinusoidal stress is applied to a specimen, a strain will be produced with the 
same frequency as, but out of phase with, the stress(104). This can be represented 
schematically in Figure 2.13. 
I , 
I I 
I I 
I I 
I I 
... / // 
-;:""----
-...::-- ----
cr=(Tosin(wt.5) 
E = Eo sinrot 
wt 
Figure 2.13 Vector diagram representation of an alternating stress leading an 
alternating strain by a phase angle, a(IOS). 
Thus, the stress, a, and strain, E, at any time, t, can be written as the following 
equations. 
aCt) = 0'0 sine rot +a) 
E(t) = Eo sin(rot) 
where ro is the angular frequency and a the phase lag as shown in Figure 2.13. 
Using trigonometry, equation (2.4) can be rewritten as equation (2.6). 
aCt) = 0'0 sinrot cosa + 0'0 cosrot sina 
aCt) = (0'0 cosa) sinrot + (0'0 sinal cosrot 
(2.4) 
(2.5) 
(2.6) 
(2.7) 
This equation can be separated into the in-phase and out-of-phase stress with the strain 
as in the equations below. 
a' = 0'0 cosa 
a" = 0'0 sina 
(2.8) 
(2.9) 
So, the vector sum of these two components gives the overall or the complex stress on 
the sample. 
aCt) = cr' sinrot + a" cosrot 
cr* = cr' + i cr" 
where i = n. 0'* is the complex stress. 
(2.10) 
(2.11) 
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From the familiar relation, ei9 = cose + i sine, the stress and strain can alternatively be 
written as: 
E* = eo e i rot 
a* = ao e i (rot + 6) 
The stress-strain relationship defines the dynamic complex modulus as follows. 
E* = 
Substitute by equations (2.12) and (2.13) 
E* = 
E* = 
Then E* = 
and E' = 
E" = 
~ "" Go· 
= 
0"0 (coso + i sino) 
eo 
E' + iE" 
0" (_0 )coso 
eo 
,Ii 
(2.12) 
(2.13) 
(2.14) 
(2.15) 
(2.16) 
(2.17) 
(2.18) 
(2.19) 
where E' is the real part in-phase with the strain called the storage modulus, and E" is 
the loss modulus defined as the ratio of the component 90° out-of-phase with the 
strain(I03). See figure 2.14. 
For a viscoelastic polymer, E' characterises the amount of the stored energy, while E" 
exhibits the amount of energy dissipated by the material. 
Another equation in wide use is 
tano = 
En 
E' 
(2.20) 
where tan 0 is called the loss tangent, indicating the ratio of the energy stored to the 
energy lost per cycle. 
The maximum peak in E" and tan 0 are sometimes used as the definitions of Tg. The 
dynamic mechanical behaviour of an ideal polymer is shown in Figure 2.15. 
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In-phase stress 
Figure 2.14 Sinusoidally varying stress and strain In a dynamic mechanical 
experiment(J06). 
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Figure 2.15 Dynamic mechanical analysis in oscillatory mode of an amorphous 
thennoplastic as a function of the temperature(I07). 
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2.2.2 Damping with polymers and IPNs. 
Many different efforts have been made III recent years to broaden the useful 
temperature range of damping. Effective ways to broaden, or shift, the Tg range 
include the use of plasticisers and fillers, blending, grafting, copolymerisation, or the 
formation ofIPNs. 
Simple homopolymers and copolymers are common types of damping material used. 
Their efficient damping is limited to a narrow temperature range of approximately 20-
30°C, centered about the glass transition of the polymer involved(I08). Incompatible 
polymer blends and grafts show two damping ranges with low damping in between. 
Semi-compatible polymer blends and grafts with high extent of component mixing, but 
incomplete, lead to a broad temperature use range. IPNs are one way of attaining the 
required intimate mixing. Ideally, interpenetration occurs only through physical 
crosslinks. This is catenane-type structures(41), and mixing is on a molecular scale as 
long as no covalent bonds exist between the different polymers. In this case, a single 
phase material results when dynamic mechanical measurements are used. However, 
these materials possess some level of phase separation, if mixing is incomplete, such 
as when crosslinking occurs after phase separation, then two phases result. However, 
micro-heterogeneous morphologies can occur and result in broad glass transition 
regions with respect to temperature and frequency. The advantages that IPNs present 
over other transition broadening techniques include more control over the resulting 
morphology, longer phase stability, and broader glass transition regions, leading to the 
desired high damping property. 
The use of IPNs as energy damping materials was first reported by Huelck et al(80). 
Latex IPNs based on poly(ethyl acrylate) and poly(methyl methacrylate) were 
observed to exhibit high taneS values that stayed high over a broad temperature range of 
100°C. Because the polymer components were isomers, it was reasoned that the heat 
of mixing would be near zero and, therefore, the IPN must lie near the phase boundary; 
that is the IPNs exhibited a micro-heterogeneous morphology. 
Chang et al. (109) assumed that the area under the linear loss modulus-temperature 
curve, LA, was a function of the glassy modulus, rubbery modulus, average activation 
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energy of glass transition and the glass transition temperature. LA was controlled by 
the structure of the polymers. They used this concept to develop a relationship between 
the extent of damping and the contribution from each molecular structure of the 
homopolymers, statistical copolymers, and IPNs based on acrylic, vinyl, and styrenic 
monomers. 
Foster and Sperling(IIO) found a good damping material in a senes of 
acrylic/methacrylic sequential IPNs. 75/25 full PnBAlPnBMA IPN exhibited tano 
values between 0.4-0.5 over nearly a 100°C temperature range, whilst PnBMAlPnBA 
semi-2 IPNs showed tano of 0.4-0.85 over 100°C. 
Hourston and McCluskey(lll) characterised poly(vinyl isobutylether)IPMMA· 
sequential IPNs which exhibited tano over 0.4 from 10 to 60°C. It had also be.en 
observed(75.76,1l2) in various studies of PUIPMMA IPNs that broad loss tangent 
transitions exhibiting good damping behaviour occured. 
2.2.3 Extensional and constrained layer damping. 
Sound attenuation can occur by four mechanisms(1l3): 1) scattering by a 
inhomogeneity; 2) mode conversion at boundaries; 3) redirection; and 4) intrinsic 
absorption by conversion to heat with viscoelastic materials. When a viscoelastic 
polymer is coated on a vibrating substrate, segmental chain motions create internal 
friction. Subsequently, heat buildup within the polymer occurred because of absorption 
of the vibrating waves. Common damping configurations consist of two types: 
extensional and constrained damping(108). A single viscoelastic layer on a vibrating 
substrate is called extensional damping in which energy dissipation evolves primarily 
from the flexural and extensional motions of the damping layer. The composite loss 
factor of the extensional system is given by equation (2.21). 
(2.21) 
where E and h represent the Young's modulus and thickness, respectively. Subscript 1 
and 2 represent the substrate and viscoelastic layer, respectively, and k is a constant. 
A further important configuration in damping is attained by covering the damping 
layer with a stiff constraining layer. When the substrate material vibrates, the 
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constraining layer will, in general, respond with vibrations that are out-of-phase with 
the substrate. The resulting shearing action on the intennediate damping layer causes 
enhanced degradation of the mechanical energy to heat. The shear action in 
combination with flexure and extension greatly increases the amount of energy 
dissipated per cycle over the extensional configuration. The composite loss factor of 
the constrained layer system is given by equation (2.22). 
(2.22) 
where subscripts I, 2, and 3 represent to the substrate, viscoelastic layer, and 
constraining layer, respectively. Thus, damping depends upon the material loss factor, 
the material modulus, the substrate modulus, and the constraining layer modulus. 
A = Substrate 
B = Damping layer 
C = Constraining layer 
A B A BC 
Extensional damping Constrained layer damping 
Figure 2.16 Two mechanisms of the use of polymers in damping(1I4). 
2.3 Nanocomposites. 
Polymers are filled with particles in order to get superior properties, such as stiffuess 
and toughness, barrier properties, fire retardance and ignition resistance or cost 
reduction. Nanocomposites are a new class of composites. They are particle-filled 
polymers, where at least one dimension of the dispersed particles is in the nanometre, 
10-9 m, range. Amongst all the potential nanocomposite precursors, those based on 
clays and layered silicates have been most widely studied, probably because the 
starting clay materials are easily available and their intercalation chemistry has been 
studied for a long time(l15,1I6). Because of the nanometre size particles obtained by 
dispersion, these nanocomposites can show markedly improved mechanical, thennal, 
optical, physical, and chemical properties when compared with the pure polymer or 
conventional (microscale) composites as firstly published by a group of researchers 
from Toyota(l17) for nylon-clay nanocomposites. They showed dramatic improvements 
in mechanical properties, barrier properties and heat distortion temperature. These 
improvements were obtained at very low contents ofthe layer silicate, ca. 4 wt%. 
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2.3.1 Structure of layered silicates. 
The term "layered silicates" refers to natural clays, but also to synthesised layered 
silicates. Both natural clays and synthetic layered silicates have been successfully used 
in the polymer nanocomposite synthesis. 
Exchangeable cations 
H20 
~.\~.:::0P 'j I : 
. , 
01 82 _3 
OMl.4 
__ Tetrahedral 
__ Octrahedral 
__ Tetrahedral 
Figure 1.17 Structure of 2:1 phyllosilicates. (I) oxygen, (2) hydroxyl, (3) 
aluminium/magnesium, (4) silicon(l19). 
Montmorillonite, a natural clay from the smectite family is nowadays the most widely 
used nanofiller clay because it has a suitable layer charge density. The layered silicates 
usually used in nanocomposites are based on the structural family known as the 2: I 
phyllosilicates(1l8). See in Figure 2.17. Their crystal lattice consists of two fused silica 
tetrahedral sheets, sandwiching an edge-shared octahedral sheet of either alumina or 
magnesia. The layer thickness is around I nm and the lateral dimensions of these 
layers may vary from 30 nm to several microns, depending on the particular silicate. 
These layers form stacks with regular van der Waals forces in between them called the 
interIayer or the gallery. IsomOlphic substitutions within the layers, for example, A13+ 
replaced by Mg2+ or by Fe2+ in the tetrahedral lattice and Mg2+ replaced by Lt in the 
octahedral lattice cause an excess of negative charges that are counter-balanced by 
alkali or alkaline earth cations situated in the interIayers. Because of the high 
hydrophilicity of the clay, water molecules are usually also present between the layers. 
To make clay more compatible with organic polymers, the hydrated cations of the 
interIayer can be exchanged with cationic surfactants such as alkylammonium or 
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alkylphosphonium (onium ions). It usually results in a larger interlayer spacing. The 
amount of negative surface charge is known as the cation exchange capacity (CEC)(I4). 
It is measured in milliequivalents per gram (meq/g), or more regularly, per lOO gram 
(meq/IOOg). The CEC ofmontmorillonite can be varied from 80 to 150 meq/l00g. The 
charge ofthe layer is not locally constant as it varies from layer to layer. So, it must be 
considered as an average value over the whole crystal. 
The cation exchange process(I20) of a linear alkylammonium ion is illustrated in Figure 
2.18. Because of the negative charge originating in the silicate layer, the cationic head 
group of alkylarnmonium molecule preferentially resides at the layer surface and the 
organic tail leads away from the surface. Depending on the cation exchange capacity 
of the layered silicate and the chain length ofthe organic tail, the alkylammonium ions 
adopt different structures between the silicate layers, forming mono or bilayers or, 
mono or bimolecular tilted "paraffinic" arrangements as shown in Figure 2.19. 
+ ) 
alkylammonium ions clay organophilic clay 
Figure 2.18 The cation-exchange process between alkylammonium ions and cations 
initially intercalated between the clay layeriJ20). 
a) b) 
... Wltt 
c) d) 
Figure 2.19 Alkyl chain aggregation in layered silicates: a) lateral monolayers; b) 
lateral bialyer; c) paraffin-type monolayer and d) paraffin-type bilayer(J2J). 
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2.3.2 Structure of nanocomposites. 
Polymer-clay composites can be categorised into "conventional composites" and 
"nanocomposites,,(1l8). In a conventional composite, the polymer is unable to 
intercalate between the silicate layers and a phase separated composite is obtained, 
where clay acts mainly as a filling agent. Two types of nanocomposite can be found. 
Intercalated nanocomposites are formed when a single or a few extended polymer 
chains are intercalated between the silicate layers with fixed interlayer spacings. 
Exfoliated nanocomposites are formed when the silicate layers are completely and 
uniformly dispersed in a continuous polymer matrix. The latter structure shows greater 
phase homogeneity because each nanolayer contributes fully to interfacial interactions 
with the matrix. This is the reason why the exfoliated clay leads to the most dramatic 
changes in mechanical and physical properties. 
Laye ... d silicate 
/ 
Intercalated 
(nanoco:mposite) 
Exfoll"ted 
(nan()('l()mpotrlte) 
Figure 2.20 Schematic of the different structures of composite arising from the 
interaction of layered silicates and polymers: a) conventional; b) intercalated 
nanocomposite; c) exfoliated nanocomposite(14). 
Two main techniques are used to characterise the structure of polymer-clay 
nanocomposites. The most straight forward is X-ray diffraction (XRD) because it is 
used to identify the interlayer spacing between the clay galleries. The intercalation of 
the polymer chains usually increases the interlayer spacing when compared with the 
spacing of the organoclay used, causing a shift of the diffraction peak towards lower 
angle values as shown in Figure 2.21. The angle and interlayer spacing values are 
related through Bragg's law. 
nA- = 2dsine (2.23) 
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where n refers to the degree of the diffraction, A corresponds to the wave length of the 
X-ray radiation used, d the spacing between the galleries, and e the incident angle. 
For exfoliated nanocomposites(14), all of the X-ray diffraction patterns are 
characterised by the absence of the diffraction peaks because there are too large 
interlayer spacings or the layers are no longer organised in stacks. XRD only gives the 
distance between the clay layers, thus revealing the relationship of the clay layers to 
themselves, not of the clay layers to the polymer. XRD does not reveal how well 
dispersed the clay is throughout the polymer. To complete the XRD results, 
transmission electron microscopy (TEM) can be used. It is a powerful technique to 
characterise the nanocomposite morphology. At low magnification, TEM will reveal 
how well dispersed the clay is throughout the polymer matrix, and it can also show the 
degree of intercalation and exfoliation which has occurred. Therefore, this technique is 
widely used to define the overall structure. 
Figure 2.21 XRD patterns of: a) phase separated microcomposite; b) intercalated 
nanocomposite; c) exfoliated nanocomposite(118). 
2.3.3 Nanocomposite preparation. 
Depending on the polymer, three different methods(122) have been widely considered to 
prepare polymer-layered silicate nanocomposites. 
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In-situ intercalative polymerisation. 
In-situ polymerisation was the first process used to prepared polymer-clay 
nanocomposites based on polyamide-6(l17). Firstly, the organoclay has to be swollen in 
the monomer and the curing agent is added and then polymerisation occurs between 
the silicate layers. How well swollen is the organoclay depends on the polarity of the 
monomer molecules, the surface energy of the organoclay, and the swelling 
temperature. For thennosets, the curing agent is added to initiate the polymerisation. A 
curing agent or an elevated temperature can initiate the polymerisation for 
thennoplastic (31). 
Swelling 
Figure 2.22 Flow chart representing the two steps of the "in-situ polymerisation" 
approach(l23). 
organophilic 
clay 
monomer 
Swelling 
curing 
agent 
Polymerisation 
Figure 2.23 The in-situ polymerisation showing polar monomer molecules diffusing 
between the layers. The alkylammonium ions adopt a perpendicular orientation in 
order to optimise solvation interactions with the monomer(l23). 
The driving force of the in-situ polymerisation method is associated with the polarity 
of the monomer molecules. It is believed that during the swelling phase, the high 
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surface energy of the clay reacts to polar monomer molecules so that they diffuse 
between the clay layers as shown in Figure 2.23. The diffusion process stops, when an 
equilibrium is reached, and the clay is swollen in the monomer to a certain extent 
corresponding to a perpendicular orientation of the alkylammonium ions(l24). The 
polymerisation is initiated when the monomer starts to react with the cnring agent 
added. Consequently, the overall polarity is lower and displaces the thermodynamic 
equilibrium. So, more polar molecules can diffuse between the clay layers. Eventually, 
the delaminated nanocomposite can occur by this mechanism. 
Melt intercalation. 
Vaia et al. (17) were the first group reporting the melt intercalation process. It consists of 
blending an organoclay with a thermoplastic in the molten state in order to optimise ; 
the polymer-clay interactions. Figure 2.24. The mixture is then annealed at. a . 
temperature above the glass transition temperature of the polymer, consequently, a 
nanocomposite forms. Dnring getting intercalated between the clay layers, the polymer 
chains loose some of their conformational entropy. In this technique, no solvent is 
required as shown in Figure 2.25. The driving force for this mechanism associates with 
the enthalpic contribution of the polymer/organoclay interactions dnring the blending· 
and annealing steps. Because of its great potential for application in industry, 
especially for production by extrusion processing, this process has become 
increasingly popular. 
Blending Annealing f--1>1m,r;nl'i\m\iliiiifi,'j 
Figure 2.24 Flow chart representing the difference steps of the melt intercalation 
process(123). 
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Figure 2.25 The melt intercalation process showing the polymer chains losing 
conformational entropy as they get intercalated between the clay layers(123). 
Solution polymerisation. 
Firstly, the organoclay is swollen in an organic polar solvent. Then the solvated 
polymer is added into the solution and intercalates between the clay layers. The solvent 
evaporation, normally under vacuum, is the last step. Finally, the solvent was removed 
by evaporation under vacuum, subsequently, the intercalated nanocomposite results. 
The entropy gained by the desorption of solvent molecules allows polymer chains to 
diffuse between the clay layers, which compensates for the decrease in conformational 
entropy of the intercalated polymer chains(125). Hence, a relatively large number of 
desorbed solvent molecules from the clay accommodate the incoming polymer chains. 
The major advantage of this method is that it offers the possibilities to synthesise 
intercalated nanocomposites for polymers with low, or even no, polarity. Because of 
using large quantities of solvent, however, this process is difficult to apply in industry. 
Swelling 
Figure2.26 Flow chart representing the different steps of the solution process(l23). 
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solvated 
organophilic clay 
Intercalation Evaporation 
Figure 2.27 The intercalation of the polymer by the solution process. The black dots 
represent the solvent molecules(123) . 
2.3.4 Properties. 
The layered silicate nanocomposite structure has provided dramatic improvement in 
not only the mechanical properties of the polymer, but also some of its other physical 
properties. The most· characteristic changes are brought by the delaminated. 
nanocomposite structure in which layer silicate nanofillers are fully dispersed. 
Mechanical properties. 
The tremendous improvements in tensile strength and tensile modulus provided by the 
exfoliated nanocomposite structure in polyamide-6-c1ay hybrids were first reported by 
the Toyota researchers(ll7). The drastic increase in Young's modulus by 90% was 
obtained with the addition of only 4 wt% of filler. They proposed that the ability of 
dispersed silicate layers to increase the Young's modulus was related to the average 
length of the silicate layers. Moreover, the difference in the extent of exfoliation 
strongly influences the measured modulus values. Similar explanations have also been 
reported for polypropylene nanocomposites(126) obtained by melt interaction. A large 
increase in the tensile modulus for an exfoliated structure was also observed for the 
thermoset matriX(20,21) of the various amine-cured epoxy-based nanocomposites filled 
with 2 wt% montrnorillonite previously modified by alkylannnonium cations of 
different length(21). Meanwhile the montmorillonite modified with butylammonium 
ions only gave an intercalated structure with a low tensile modulus. The other three 
nanocomposites with alkyl chains of 8, 12, and 16 carbons were characterised by 
exfoliated structures, and, consecutively, give much higher modulus values. 
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Contrary to the above results, where simply intercalated structures (without any 
exfoliation) are concerned, such as for PMMA (18) or PS(127) based nanocomposites 
obtained by emulsion polymerisation in the presence of water-swollen Na-
montmorillonite, the increase in Young's modulus is relatively weak. This attests to 
the inefficiency of intercalated structures to improve the stiffness of nanocomposites. 
However, Zilg et al. (22) have commented on the rather Iow stiffuess improvements in 
the case of anhydride-cured epoxy-based nanocomposites. The improvement resided in 
the formation of supramolecular assemblies obtained by the presence of dispersed 
anisotropic laminated nanoparticIes. They also discussed the stiffening effect when the 
montmorillonite was modified by a functionalised organic cation (carboxylic acid or 
hydroxyl groups) that could interact with the matrix during curing. 
For thermoplastic-based nanocomposites, the stress at break could vary strongly 
depending on the nature of the interactions between the matrix and the filler. Filled 
polymers such as nylon-6-based exfoliated nanocomposites prepared by different 
inethods(19,128), or PMMA-based intercalated nanoc~mposites(18), exhibited an increase 
in the stress at break that was normally explained by the presence of polar (PMMA) 
and ionic interactions (nylon-6 grafted onto the layers) between the polymer matrix. 
and silicate layers. For polypropylene-based nanocomposites(127), no or only very slight 
tensile stress enhancement was measured. One of the reasons was the lack of 
interfacial adhesion between a non-polar pp and polar layered silicates. For epoxy 
resin-based nanocomposites, the stress at break depended upon their glass transition 
temperature, located above or below room temperature. In high Tg epoxy 
thermosets(21,22), neither intercalated nor exfoliated nanocomposites lead to an 
enhancement of the tensile stress at break, Rather they made the materials more brittle. 
In contrast, nanocomposites based on both epoxy<20,129) and polyurethane(130) 
elastomeric matrices showed a substantial increase in tensile stress a break upon 
addition of a small amount ofnanofillers, 
The elongation at break was reduced for thermoplastic-based nanocomposites such as 
intercalated PMMA(18) and PS(l27) or intercalated-exfoliated PP. On the other hand, in 
elastomeric epoxy(129) or polyol polyurethane matrices(130) a loss in ultimate elongation 
did not occur. Moreover, the addition of a nanosilicate into the matrices tended to 
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increase the elongation at break. The enhancement in elasticity can be attributed, in 
part, to the plasticising effect of the gallery oniums and to their contribution to the 
formation of dangling chains, but also probably to conformational effects at the 
polymer-clay interface. 
For an intercalated PS nanocomposite(127), no significant difference in the storage 
modulus could be seen in the investigated temperature range, indicating that 
intercalated nanocomposites did not strongly influence the elastic properties of the 
matrix. Meanwhile, the shift and broadening of the tano peak towards higher 
temperatures indicated an increase in the glass transition temperature together with 
some broadening of this transition for this nanocomposite. This behaviour has been 
attributed to the restricted segmental motions at the organic-inorganic interface. In 
contrast, intercalation of PS sequences in a symmetric (styrene-butadiene-styrene) 
block copolymer(!31), when this SBS was melt blended with a montrnorillonite 
modified by dimethyl didodecylammonium cation, provided a sizable improvement of 
the storage modulus at 25°C. At a given temperature, higher storage moduli resulted 
from the better nanofiller dispersion and the influence of the length of the layered 
particles as shown in case of an exfoliated mica-based polyimide nanocomposite(132). 
The storage modulus markedly improved, especially above Tg, such as a well-ordered 
exfoliated nanocomposite in an epoxy matrix(l25) and a nitrile rubber(133). A possible 
explanation could be the creation of a three-dimensional network of interconnected 
long silicate layers, strengthening the material through mechanical percolation. 
Thermal stability and flame retardant properties. 
The first study of thermal stability improvement was provided by the case of PMMA 
intercalated within montmorillonite by free radical polymerisation(24). The result 
showed that a 10 wt% clay intercalated PMMA degraded at a temperature of 40-50°C 
superior to the degradation of the unfilled PMMA matrix. The author proposed that the 
enhanced thermal stability of the PMMA-based nanocomposites was not only due to 
differences in chemical structures, but also to restricted thermal motion of the 
macromolecules in the silicate interlayers. The improvement ofthermal stabilisation of 
cross-linked poly(dimethyl siloxane)(25), at 10 wt% of exfoliated 
organomontmorillonite, showed a drastic shift of the weight loss towards higher 
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temperature, being increased by 60°C at 50% weight loss. It has also been reported that 
increase in thermal stability has found for intercalated nanocomposites prepared by 
emulsion polymerisation of methyl methacrylate(18), styrene(l32), and epoxy 
precusors(134) in the presence of water swollen Na-montmorillonite. The decomposition 
onset temperature increased in every case. 
The chemical nature of the studied polymeric material and its degradation mechanism 
played an important role such as in the case of poly(imide) exfoliated 
nanocomposites(135). Their thermal stability was only improved by about 25°C at 50% 
of weight loss which was much less than the 140°C jump observed in exfoliated 
poly(dimethyl siloxane) nanocomposites(26). 
The flame retardant properties of nanocomposites have been proposed by Gilman(136). 
A 63% reduction in the peak heat release rate was observed during combustion of 
polyamide-6 exfoliated nanocomposite at only 5 wt% of exfoliated montmorillonite. 
Other nanocomposites have been studied out such as exfoliated nylon-12 (2 wt% 
organoc1ay), - "exfoliated poly(methyl- methacrylate-co-dodecylmethacrylate/137), 
intercalated PS (3 wt%) or intercalated PP (2 wt%). Each material showed a significant 
decrease in the peak heat release rate, while the heat of combustion, smoke and the 
carbon monoxide yields were not increased. The flame retardant effect of 
nanocomposites mainly arose from the formation of char layers obtained through the 
collapse of the exfoliated and/or intercalated structures(27). This multi-layered silicate 
structure may act as an excellent insulator and mass transport barrier as observed in 
nylon-6 and thermoset nanocomposites(28). It slowed down the escape of the volatile 
decomposition products. 
Gas barrier properties. 
High reduction of gas permeability can be achieved from films prepared from 
exfoliated nanocomposites. The permeability to carbon dioxide was measured for 
partially-exfoliated polyimide-based nanocomposites(30). It was expressed as a function 
ofthe length and width of the filler particles as well as their volume fraction within the 
PI matrix. The decrease in C02 permeability was due to the large volume fraction of 
fillers which increases the tortuosity of the gas diffusion path. 
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The effect on water permeability of both partially and totally exfoliated polyimide-
based nanocomposites was reported by Yano et al.(29), using 2 wt% of organoclay with 
the different layer lengths. It was shown that as the length of the clay platelets 
increased the relative permeability decreased substantially. This meant that the best gas 
barrier properties were obtained by fully exfoliated rather long layered silicates. Poly 
(E-caprolactone)-exfoliated nanocomposite(31), synthesised by in-situ intercalated 
polymerisation of the lactone monomer inside 4.8 vol% organo-modified 
montmoriIlonite, showed a 80% decrease in water permeability. However, recent 
investigations(l38) showed that the constrain brought by the nanocomposite structure to 
the mobility of polymer chains situated in the neighbourhood of the silicate layers may 
be the most important factor. 
2.4 Polyurethanes. 
Polyurethanes have fascinated engineers and scientists by their unique combination of 
unusual properties and ability to be processed, shaped, and formed by almost all 
known manufacturing techniques. The original discovery was by Bayer and his co-
workers at LG. Farben Industries, Germany in 1937, at about the same time as the 
work on isocyanates began in the United States by Carothers of Du Pont(139). 
The versatile polyurethanes can yield a wide spectrum of polymeric products including 
foams (flexible and rigid), elastomers, coating resins, adhesives, sealants, fibres, and 
films(l40). The largest use is as foams in such industries as automotive, furniture, 
building construction, recreation, and footwear(41). 
2.4.1 Polyurethane chemistry. 
Polyurethanes contain not only the urethane linkage(1391, the basis for a urethane, but 
also includes other groups as integral units in, or on, the polymer chains, which leads 
to widely versatile properties. 
i ~-~-O t 
H 0 
The urethane linkage 
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Polyurethanes can be fonned by a variety of methods, although the most widely used 
is an addition polymerisation of di- or polyisocyanate and di- or polyol functional 
hydroxyl compounds, e.g. hydroxyl-tenninated polyesters or polyethers(l41). The 
general structure of a linear polyurethane derived from a dihydroxy compound and a 
diisocyanate can be represented by the following general fonnula. 
nHO-R-OH 
glycol 
+ n O=C=N-R'-N=C=O 
~ diisocyanate 
HO - [R-OCONH-R'-NHOC-O] (n.I)-R-OCONH-R'-NCO 
Polyurethane 
(2.24) 
Linear products are obtained if the reactants are bifunctional, but higher functionality 
brings the fonnation of branched chain or crosslinked materials(l39). The complexity of 
a polyurethane is fonned in a. broad variety of variables such as polyol and 
polyisocyanate, functionality and molecular weight, chain extender used to modify the 
hard and the soft segment content of the polyurethane, which affect the chemical and 
physical properties of the final polyurethane. 
Polyurethanes are processed by various methods(142) as follows. 
• The medium of preparation : solvent-free, in solution, in water. 
• The sequence of the addition of the reactions : one-shot process, prepolymer 
process. 
• The type of cure: one-component systems, two-component systems. 
Catalysts are frequently added in order to accelerate the polyaddition reaction(142). In 
this study, no solvent was used in the preparation process. Therefore, the following 
description will be restricted to only the solvent-free preparation. 
In the solvent-free process, there are two main methods of reaction control: the one-
shot process and the prepolymer process. 
The one-shot process(142) is carried out by simultaneous mixing together of a polyol, a 
diisocyanate, a chain extender, a catalyst, and other additives. The reaction is very 
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exothennic depending on the catalyst applied. The one-shot system is schematically 
represented in Figure 2.28. 
Polyol + Diisocyanate + Chain extender 
/ 
In presence of catalyst, 
e.g. stannous octoate 
Final polyurethane elastomer 
Figure 2.28 One-shot process for polyurethane elastomer preparation. 
Prepolymer process consists of two separate steps. Initially, the diisocyanate and 
polyol are reacted together to fonn an intennediate polymer of molecular weight 
l5x103-20x103 called a "prepolymer,,(J39). Then, it is converted into the final high 
molecular weight by further reaction with a diol or diamine chain extender. The 
prepolymer process is schematically represented in Figure 2.29. 
NCO-j 
HO-
Polyol 
(polyester or polyether) 
OCN I 
f-OH 
rNCO j diisocyanate 
0 polyester 0 
rNH-~-O- or -O-~-NH-j rNCO polyether 
uretnane uretnane 
group group 
PREPOLYMER 
CIW, ~","i= willi my ~'" "'00"= willi di=i" 
Polyurethane with Polyurethane with 
urethane linkages urea linkages 
Figure 2.29 Prepolymer route for the fonnation of a polyurethane elastomer. 
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2.4.2 Raw materials. 
Polyol. 
Polyols are considered as hydroxy functional chemicals, or polymers, covering a wide 
range of molecular weight, hydroxyl functionality, and cOll1position. An average 
molecular weight of the polyols used in polyurethane manufacture is between 200 to 
IOxl03 depending on the applications(I42). The reactivity, compatibility with the other 
compounds in the polyurethane formulation, hydroxyl functionality and its 
distribution, composition of the polymer chain, and the structure of the hydroxyl group 
are the important characteristics of polyols for polyurethane applications(l40). The 
polyol properties affect the properties of the resulting polyurethane polymer. The 
polyols used in polyurethane synthesis have been classified into three classes, namely, 
polyesters, polyethers, and, polycaprolactones. Their representations of chemical 
structures are shown below. Polyether polyols share about 90% of the global 
polyurethane polyol used(140) because of their structural versatility, cost, ease of 
handling, and product performance. 
HO-R-O-R-OH HO-R-O-C-R-C-O-R-OH 
11 11 
H0-ECO(CH,)s-OrH 
Polyether polyols 
Isocyanates. 
° ° Polyester polyols Polycaprolactone diol 
The isocyanate group, -N;C;O, is very highly reactive, as it has two cumulative 
double bonds, creating a positive charge on the C-atom. The possible resonances(41) of 
the isocyanate group are shown as follows. 
-:; + .• + -:-: 
R-N- C ; ° .4---.~ R-N; C ; ° .4--_~ R-N;C-O 
The negative charge can be delocalised into R, if R stands for an aromatic radical. 
Thus, the isocyanate can react with both electron donor and acceptor groups. Electron 
donors attack the carbonyl carbon atom, whilst acceptors attack the oxygen or nitrogen 
atoms, The isocyanate reactions can be classified into the following three main groups: 
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primary reactions with hydrogen active compounds; secondary reactions with 
isocyanate adducts, and auto-addition. 
• Primary reactions of isocyanates with active hydrogen compounds. 
The isocyanate can react generally with compounds containing active hydrogen atoms, 
providing addition to the carbon-nitrogen double bond, i.e. the hydrogen becomes 
attached to the nitrogen of the isocyanate and the remainder of the active hydrogen 
compound becomes attached to the carbonyl carbon as follows(139,141). 
With water. 
R-N=C=O + 
isocyanate 
R-NH-CO-OH 
H,O R-NH-CO-OH 
carbamic acid (unstable) 
_______ ~ R-NH, + CO, 
carbamic acid (unstable) amine 
The amine then reacts with the isocyanate group. 
With amines. 
R-N=C=O + R'-NH, 
• 
R-NH-CO-NH-R' 
urea 
With carboxylic acids. 
R-N=C=O + R'-COOH • R-NH-CO-R' + CO2 
amide 
(2.25) 
(2.26) 
(2.27) 
(2.28) 
Polymer formation can take place if the reagents are di- or poly-functional. These 
reactions usually occur at different rates, such as the most rapid rate is in the reaction 
leading to urea formation. However, they can be influenced appreciably and controlled 
by use of a catalyst. Gaseous carbon dioxide is formed and acts as a blowing agent. It 
is valuable for forming foamed products, but it causes a problem in bubble-free 
products(139). 
• Secondary reactions of isocyanates with isocyanate addncts. 
The excess, or unconsumed, isocyanate in the reaction mix can react with the products 
of the primary reaction, i.e. urethane, urea, and amide, possibly during the initial 
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polymer formation. The secondary reactions of isocyanate are particularly important in 
polyurethane chemistry because they introduce chain extension, branching or 
crosslinking of the polyurethane. The molecular size is increased due to the formation 
of allophanate, biuret, and acylurea links onto the main chains(139). 
R-NCO + R'-NH-CO-OR" • R-NH-CO-NR'-CO-O-R" (2.29) 
urethane allophanate 
R-NCO + R'-NH-CO-NH-R" • R-NH-CO-NR'-CO-NH-R" (2.30) 
urea biuret 
R-NCO + R'-NH-CO-R" • R-NH-CO-NR'-CO-R" (2.31) 
amide acylurea 
• Auto-addition of isocyanate. 
There are also reactions of isocyanates with themselves which lead to the formation of 
polymers and thus have gained technical importance for the formation of 
polyurethanes. Even the linear polymerisation of monoisocyanates leads to polymeric 
products(142). 
Dimerisation. 
R-NCO + OCN-R ______ •• R-N=C=N-R + CO2 
carbodiimide 
o 
" 
/C"" 
2R-N=C=O ------_. R-N N-R 
""c/ 
11 
o 
uretidione ring 
(2.32) 
(2.33) 
The cabodiimide can occur at room temperature under the presence of a special 
catalyst. Otherwise, it will occur only at high temperatures. The carbodiimide 
formation reaction also produces carbon dioxide(i42). The uretidione formation must be 
run at low temperature because of its thermal instability. 
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Trimerisation. 
The reaction is irreversible and occurs in the presence of basic catalysts(41). However, 
on vigorous heating, it also can form even in the absence of a catalyst. The 
isocyanates trimerise to form isocyanurates: a ring structure consisting of alternating 
nitrogen and carbon atoms, resulting in high stability. 
R 0 R 
"'-./ C~ / 
3R-NCO 
N N 
I I (2.34) 
OC co 
~/ 
I 
R 
isocyanurate 
The degree of crosslinking in polyurethanes depends upon a combination of the extent 
of polyfunctional monomers present and the amount of biuret, allophanate, and 
trimerisation reactions(143). The overall stoichiometry and the specific catalyst present 
control the latter reactions. The extent of the different reactions also depends upon the 
temperature used. Significantly high temperatures, higher than 120DC, are avoided 
because polyurethanes can form various different types of degradation reaction(41,143), 
such as: 
- R-NH-OCO-CH2-CH2 - ---__ - R-NCO + HO-CH,-CH2- (2.34) 
- R-NH-OCO-CH2-CH2 - ___ .~ - R-NH2 + CH2=CH - + CO2 (2.35) 
- R-NH-OCO-CH2-CH2 - ____ ~ - R-NH-CH2-CH2 - + CO2 (2.36) 
Chain extender and crosslinking agent. 
The two terms are often erroneously used as synonyms. Crosslinking agents and chain 
extenders are both low molecular weight diols or triols or diamines. So, the same 
chemical can even perform both roles. In other words, the process rather than the 
specific chemical determines whether a diol is a crosslinking agent or chain 
extender(144). 
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Chain extending agents increase the size of the rigid segments as well as the hydrogen 
bond density and the relative molecular weight of the polyurethane. It shows a 
remarkable effect on the polyurethane properties, even though it usually constitutes a 
minor part of the polymer(41). 
Crosslinking agents lead to crosslinked final polyurethanes. Large increases in the 
degree of crosslinking make amorphous polymers more rigid and cause them to have 
higher softening points and higher modulus, reduced elongation and swelling by 
solvents, and increased the glass transition temperatures(141). Some of the significant 
crosslinking agents/chain extenders are shown below. 
HO-[ CH, ].-OH 
l,4-Butanediol 
CH,-OH 
I 
CH-CH,-OH 
I 
CH,-OH 
Glycerol 
2.4.3 Basic morphology of polyurethanes. 
CH,-OH 
I 
C,Hs-C-CH,OH 
I 
CH,-OH 
Trimethylol propane 
A polyurethane elastomer can be considered as a linear block copolymer of the type 
shown in Figure 2.30. Its properties can be varied over a wide range of strength and 
stiffness by modification of its three basic building blocks: the polyol, the 
diisocyanate, and the chain extender(l39). 
__ A 
(Bt}n- ~ C A -_{B-B}n __ A 
I I 
Isocyanate 
polyol Mono- or Chain 
polymeric extender 
rigid block 
flexible isocyanate 
block maybe 
rigid flexible 
block or rigid 
Figure 2.30 The basic units in a urethane block copolymer. 
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Polyurethanes can be regarded as segmented polymers built from altering rigid (hard) 
and flexible (soft) segments, which are chemically and hydrogen bonded together. The 
hard segments consist of diisocyanate and chain extender, while the soft segments 
consist of polyester or polyether polyols, as shown in Figure 2.31. 
Rigid Flexible '-v-" 
segment segment 1-2000 nm 150-250 nm 
Figure 2.31 Flexible and rigid segments in a polyurethane elastomer(41). 
If the chain extender is a diamine, a urea linkage is formed, whilst urethane linkages 
are formed, when the diol is the chain extender(145). Degree of segregation between 
hard and soft segments depends on the interaction of hard segments with each other or 
with the soft segments, respectively. The interactions between the hard segments also 
depends on the symmetry of the diisocyanate and on the specific chain extender used 
(diol or diaminei142). 
2.5 Poly(ethyl methacrylate). 
Poly(ethyl methacrylate), PEMA, is a linear thermoplastic. It has a bulky side group 
and lack of stereoregularity. Therefore, it is amorphous. PEMA has excellent optical 
clarity, high mechanical strength and good thermal properties. Ethyl methacrylate 
monomer has the chemical structure shown below. 
CH3 
I 
CH,= C 
I 
c=o 
I 
OCH,CH3 
This monomer can be polymerised by a free radical mechanism, a rapid reaction which 
consists of the characteristic chain-reaction steps, namely, initiation, propagation, and 
termination(143,146). 
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Initiation. 
The initiation step(103,143) involves two reactions. The first is the creation of free 
radicals. The usual case is the homolytic dissociation of an initiator, I, undergoing 
thermal or photolytic scission to yield a pair of radicals, Re. The second step is 
addition of these free radicals to the first monomer molecule to produce the chain 
initiating species. 
I --------~-------.~ 2R. (2.37) 
where kI and ki are the rate constants for the initiator dissociation and the initiation 
steps, respectively. 
CH, 
I 
CH, = C + R. 
I 
c=o 
I 
OCH,CH, 
k; 
CH, 
I 
R -CH,-C. 
I 
c=o 
I 
OCH,CH, 
(2.38) 
The initiating free-radicals can come from many sources. Thermal decompositions of 
compounds with azo and peroxy groups are common sources of such radicals. The 
radicals can also be obtained from redox reactions or through various light-induced 
decompositions. Initiating radicals can be formed by ionising radiation(!47). 
Azo compounds contain weak valency bonds in their structure. An elevated 
temperature causes these bonds to cleave homolytically and to dissociate the 
compound into free-radicals. For this study, 2, 2' -azo bis-isobutyronitrile (AffiN) was 
used as the initiator. The final products of its decomposition are two cyanopropyl 
radicals and a molecule of nitrogen gas. The thermal dissociation of AffiN is 
illustrated below(!03). 
CH, CH, 
I I 
CH,-C-N==N-C-CH, 
I I 
CN CN 
CH, 
I 
---------. 2 CH,-C. + N, 
I 
CN 
(2.39) 
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Propagation. 
The propagation step is a bimolecular reaction, which takes place by the addition of 
the new free radical to another molecule of monomer usually very rapidly. By many 
repetitions of this step, the free radical becomes much larger. It is based on an 
assumption that kp and ki are independent of the sizes of the radicals because the 
radical reactivity is not affected when the chain length exceeds dimer or trimer 
dimensions (148). The successive addition may be represented by equation (2.40). 
CH, 
I 
RCH,-Co + 
I 
C=O 
I 
OCH,CH, 
CH, CH, CH, 
I kp I I 
CH,=C _....!:....._, R-CH,-C-CH,-Co 
I I I 
C=O C=O C=O 
I I I 
OCH,CH, OCH2CH, OCH,CH, 
kp = the rate constant for propagation 
Termination. 
(2.40) 
The final steps can take place in three ways(147): combination; disproportionation; and 
chain transfer. Two radicals react with each other by combination (coupling). In 
termination by disproportionation, a hydrogen atom transfers from one chain to 
another, resulting in the formation of two polymer molecules, one saturated and the 
other one unsaturated. In chain transfer, a new chain initiates at the expense of the one 
currently growing. 
CH, CH, H,C CH, 
I I ktc I I R'CH,-Co + oC-CH,R' , R'CHr-C--C-CH,R' (2.41) 
I I I I 
c=o C=O O=C C=O 
I I I I 
OCH,CH, OCH,CH, CH,CH,O OCH,CH, 
CH, CH, H,C CH, 
I I k'd I I R'CH,-Co + oC-CH,R' , R'CH,-CH + C=CHR' (2.42) 
I I I I 
C=O C=O O=C c=o 
I I I I 
OCH,CH, OCH,CH, CH,CH,O OCH,CH, 
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CH, 
I 
R'CH,-C- + 
I 
C=O 
I 
OCH,CH, 
R"H 
CH, 
I 
R'CH,-CH + 
I 
C=O 
I 
OCH,CH, 
where ktc = the rate constant for termination by combination 
R"e 
k'd = the rate constant for termination by disproportionation 
(2.43) 
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3.1 Materials. 
CHAPTER 3 
EXPERIMENTAL 
Experimental 
All raw material used in this research were obtained from commercial sources. They 
are described in Table 3.1. The crosslinked polyurethane (PU) network consisted of 
alternating soft rubbery segments and glassy hard segments. The hard segments were 
formed from meta-tetramethylxylene diisocyanate (m-TMXDI) and the crosslinking 
agent, trimethylol propane (TMP). The soft segment was polypropylene glycol of a 
molar mass of 1025 (PPG I 025). The PU catalyst was stannous octoate. 
The glassy polymer network was polymerised from ethyl methacrylate (EMA) using 
tetraethyJenegJycoJ dimethacrylate (TEGDM) as the crosslinker and 
azoisobutyronitrile (AIBN) as the initiator. 
N anoclays were incorporated into the IPN formulations to achieve IPN 
nanocomposites. 
3.2 Synthesis. 
In the present study, all polyurethane/poly(ethyl methacrylate), PUIPEMA, 
simultaneous IPN nanocomposites were prepared in bulk in various proportions along 
with different types and amounts ofnanoclays according to the IPN formulae in Table 
3.2. Variations of mixing time and synthesis procedures were also conducted in these 
IPN nanocomposite preparations. 
3.2.1 Purification of chemicals. 
Prior to IPN nanocomposite preparations, the hygroscopic PPGI025 had traces of 
moisture removed at 80°C under vacuum for 2 hours, preventing the formation of C02 
bubbles during polymerisation. After that, it was kept in a desiccator. The EMA 
monomer and TEGDM crosslinking agent were freed from inhibitor by passing them 
through neutral alwninum oxide columns (alumina, Brockmann Activity I, Aldrich 
Chemical Co.) and kept in a refrigerator until used. The nanoclays were dried at 60°C 
in an open air oven for at least 8 hours before being used. All other chemicals were 
used as supplied. 
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Table 3.1 Chemicals used in the research. 
Materials Abbreviation Function Supplier 
PolY.!Jrethane network 
1, I', 3, 3'-Tetramethylxylene TMXDI Diisocyanate Aldrich 
diisocyanate 
Poly( oxypropylene )glycol PPG1025 Polyol BDH 
(M.W.102S) 
Trimethylol propane TMP Crosslinker Aldrich 
Stannous octoate SnOct Catalyst Sigma 
Pol}'.(ethy/ methacrylate! network 
Ethyl methacrylate EMA Monomer Aldrich 
Tetraethyleneglycol TEGDM Crosslinker Fluka 
dimethacry late 
Azobisisobutyronitrile AIBN Initiator BDH 
Nanoclay 
Naclay Naclay Nanofiller Southern Clay 
Cloisite 15A CI5A Nanofiller Products, Inc. 
Cloisite 20A C20A Nanofiller supplied all 
Cloisite 30B C30B Nanofiller nanoclays 
Table 3.1 IPN nanocomposite formulations. 
Composition Ratio Units 
PUfPEMA 50/50, 70/30, 80120 Weight % 
PUnetwork 
Isocyanate / hydroxyl 1.1 / I mole 
Diol / triol 311 mole 
PU catalyst 1.2, lA, 1.5, 1.6, 1.8,2.0 PUwt% 
PEMA network 
Monomer 1 mole 
Initiator 1 PEMAmole% 
Crosslinking agent 5 PEMAmole% 
Nanoclay 0, 1,3,5,10,15 PUwt% 
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Hf~,-j: /CH,-OH H,C C-CH,-OH \ I \ 
CH, CH,-OH 
CH 
CH,=C/ ' 
\ 
; 
CH, C=O 
'./ 
CH, 0 
Poly( oxypropylene) glycol Trimethylol propane (TMP) Ethyl methacrylate (EMA) 
(PPGI025) 
[
CH, CH, / COO -l /'. / '. ++ 
H,C CH, CH Sn 
/ 
H,C--CH, - 2 
Stannous octoate (SnOct) I, 1',3, 3'-Tetramethylxylene diisocyanate 
(TMXDI) 
W 
CH,=C-C 
1 
CH, 
/\CH, 
CH, 
Azobisisobutyronitrile (AIBN) Tetraethyleneglycol dimethacrylate (TEGDM) 
CH,CH20H 
1+ 
CH,--N- CH,CH,OH Cl 
CH, 
1+ CH,,-N-HT Cl 
1 1 
T HT 
Modifier ofCloisite 30B (C30B) Modifier ofCloisite 15N20A (CI5NC20A) 
T = -65% C"H", -30% C,,;H,\' -5% C,Jf" 
HT = -65% C"H", -30% C16H", -5% C'4H29 
Figure 3.1 Chemical structures ofthe raw materials. 
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3.2.2 Preparation oflPN nanocomposites by Original Process, PO. 
PU component mixture. 
Experimental 
Nanoclay was weighed and added into the polyol (pPGl025), then homogeneously 
mixed at room temperature for 30 minutes using a Silverson L2R mixing apparatus at 
quarter speed. Triol (TMP) was added in the desired mole ratio into the mixture which 
then was kept at 60DC for 60 mins under vacuum to dissolve completely the solid TMP 
(Tm ~ 58DC) in the PPG. After that, the mixture was allowed to cool to room 
temperature in a desiccator. Finally, the diisocyanate (TMXDI) and catalyst (SnOct), 
in the desired amounts, were added to the mixture before combining with the PEMA 
component mixture. 
PEMA component mixture. 
The purified EMA monomer and the crosslinker (TEGDM) were completely mixed 
with the initiator (AIBN) in the desired proportions by a conventional laboratory stirrer 
at an angular rotation speed of 200 rpm for 20 mins at room temperature. 
Polymerisation. 
Both of the IPN component mixtures were immediately combined after finishing the 
preparation of PU and PEMA component mixtures. The homogeneous mixture was 
prepared at room temperature by vigorous agitation using a conventional laboratory 
stirrer at an angular rotation speed of 200 rpm for 3 minutes. The final mixture was 
degassed for 60 seconds in order to remove any air bubbles entrapped during the 
mixing process. Then the mixture was cast into a steel mould, which had been cleaned 
and sprayed with silicone mould release agent (Cil Release 17ll-Plus, Compounding 
Ingredients Limited). In between the steel plates, there was a nitrile rubber gasket of 
diameter 6 mm as shown in Figure 3.3. The steel plates were held together by using 
spring-loaded screws. Finally, the filled mould was placed in an air oven, preheated to 
60De, for 24 hours in order to prevent the evaporation of volatile monomers and the 
occurrence of bubbles in the IPN nanocomposite samples. Then, it was heated to 80De 
and held for 24 hours and finally this was followed by 24 hours at 90DC. 
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Original Synthesis Procedure, PO 
------~--------------------------------------------- --------------------------. 
Clay dispersion 
IPN component 
preparation 
Nanoclay 
Diol mixing (30 mins) 
---l::-=-T --~~~l- -j- ------------------------------------
NanocJay 
dispersed 
polyol 
Heating, 60°C 
(60 mins) 
Initiator 
Monomer, 
EMA 
Crosslinker 
mixing (20 mins) 
----------------------------------- --- -- - - - -----------------------------. 
Mixing 
PU&PEMA 
components 
I IPN mixture 
mixing (3 mins) 
----------------------------------------~--------------------------------------
Degassing IPN mixture I I under vacuum 
-----------------------------------------1---------- __________ ~~:~_o_~~ _________ _ 
Moulding I IPN mixture I O-ring mould 
-----------------------------------------i------------ --------------------------
60°C, 24 hrs. 
Curing . I IPN mixture I 80°C, 24 hrs. 
-----------------------------------------~----------- ________ ?_~~~~~~_hr~: _____ _ 
Demoulding IPN nanocomposite 
sample 
------------------------------------------------------------------------------_. 
Figure 3.2 Diagram of the IPN nanocomposite synthesis by original synthesis 
procedure, PO. 
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Spring-loaded screws 
Steel mould lid 
.~-- Nitrile rubber gasket 
(6 mm diameter) 
~ Steel mould bottom 
(15 cm film diameter) 
Figure 3.3 Schematic representation ofthe steel mould. 
3.2.3 Preparation oflPN nanocomposites by Process One, PI. 
Synthesis procedure one (PI) allowed both the soft segment polyol and the PU 
crosslinker, TMP, which had hydroxyl groups in their chemical structures, diffused 
concurrently into the silicate galleries. Therefore, in this procedure, only the first step 
of the Original Process was changed. The nanoclay was weighed and added into the 
mixture ofpolyol (PPG I 025) and Triol (TMP), which the solid TMP was completely 
dissolved in the PPG under vacuum at 60°C for 60 minutes. Then the nanoclay was 
homogeneously dispersed in the mixture at room temperature by using a Silverson 
L2R mixing apparatus at quarter speed. The further procedures were the same as the 
Original Process as shown in Figure 3.4. 
3.2.4 Preparation oflPN nanocomposites by Process Two, P2. 
Synthesis procedure two (P2) also concentrated on the diffusion of the PU component 
into the silicate clay layers. In this process, the soft and hard segment included its 
crossliker were first introduced into the organoclay. Thus, only the PU component 
mixture preparation was changed in Process Two, compared with the Original Process. 
Solid trial (TMP) was weighed and added into the polyol (PPG I 025) which then was 
kept at 60°C for 60 minutes under vacuum to dissolve the TMP completely in the PPG. 
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After the mixture cooled down to room temperature in a desiccator, the nanoclay and 
the diisocyanate (TMXDI) were added in the desired mole ratio into the mixture, then 
homogeneously mixed for 30 minutes at room temperature by using a Silverson L2R 
mixing apparatus at quarter speed. Finally, the catalyst (SnOct) in the desired amount 
was added into the mixture before mixing with the PEMA component mixture. The 
PEMA component mixture and the polymerising steps were the same as those in the 
Original Process as shown in Figure 3.5. 
3.2.5 Preparation of IPN nanocomposites by Process Three, P3. 
Synthesis procedure three (P3) changed the focus point to be the PEMA component 
The PEMA constituents were allowed to diffuse into the silicate galleries before 
combining with the PU component. 
PU component mixture. 
Solid triol (TMP) was weighed and added into the polyol (PPG 1025), then the mixture 
was kept at 60aC for 60 minutes under vacuum to dissolve completely the TMP into 
the PPG. After that the mixture was allowed to cool to room temperature in a 
desiccator. Finally, the diisocyanate (TMXDI) and catalyst (SnOct) in the desired 
amounts were added into the mixture before combining with the PEMA component 
mixture. 
PEMA component mixture. 
Nanoclay was added in the desired amount into the mixture of the purified EMA 
monomer and the crosslinker (TEGDM), then homogeneously mixed for 30 minutes at 
ambient temperature using a Silverson L2R mixing apparatus at quarter speed. Then 
the initiator (AIBN) in the desired proportion was added into the mixture before 
combining with the PU component mixture. 
Then two homo-component mixtures were combined. A conventional laboratory 
stirrer was used to mix at room temperature for 3 minutes to obtain a homogeneous 
mixture. Then the mixture was degassed, poured into the steel mOUld, cured and 
demoulded as the rest processes did in the Original Process as shown in Figure 3.6. 
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Synthesis Procedure one, Pt 
---------~------------------- ----------------- ~------------------------------. 
~ Heating, 60°C 
Clay dispersion (60 mins) 
---~~~i~~ (;~-:;:i~0-~r~ I--~~;~l~;-l 
IPN component 
preparation 
Mixing 
Nanoclay 
dispersed 
polyol 
-I Diisocyanate 
______________ ~ J __ ~~~~l~~~ _ J_ 
PU&PEMA 
components 
1 IPN mixture 1 
Initiator 
Monomer, 
EMA 
Crosslinker 
mixing (20 mins) 
mixing (3 mins) 
-----------------------------------------!--------------------------------------
Degassing 1 IPN mixture 1 
under vacuum 
-- -- ---- --- ---- -- ----- --- --- --- ---- -- ----1- -- --- ----- ---- --~~--~~-~~ ----- -----
Moulding 1 IPN mixture 1 O-ring mould 
-----------------------------------------t----- -------------------------
60°C, 24 hrs_ 
Curing 1 IPN mixture 1 80°C, 24 hrs. 
------------------------------------_ ---i- ___________________ ?_O_O~,_ ~~ ?:~: ----__ 
Demoulding IPN nanocomposite 
sample 
----------------------------------------------------------------- -------------
Figure 3.4 Diagram ofthe IPN nanocomposite synthesis by synthesis procedure one, PI. 
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Synthesis Procedure Two, P2 
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EMA 
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mixing (20 mins) 
Mixing 
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PU&PEMA 
components 
~_----J 
IPN mixture I 
mixing (3 mins) 
----------------------------------------l----------- ---------------------------. 
I I under vacuum Degassing IPN mixture I 30-60 s. 
-~--------------------------------------t----------------------.---------------. 
Moulding 1 IPN mixture I O-ring mould 
----------------------------------------{------------ -------------------------. 
60°C, 24 hrs. 
Curing 1 IPN mixture 1 80°C, 24 hrs. 
---------------------- ------------------~--------------------~~~~~~~-~~------. 
Demoulding IPN nanocomposite 
sample 
--
Figure 3.5 Diagram ofthe IPN nanocomposite synthesis by synthesis procedure two, P2. 
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Synthesis Procedure Three, P3 
~ Heating, 60°C 
~ (60mins) 
Diisocyanate 
_I Catalyst 1 
PU&PEMA 
components 
I IPN mixture I 
Nanoclay 
Monomer, 
BMA 
Crosslinker 
mixing (30 mins) 
~ I Initiator 
mixing (3 mins) 
----------------- ------- ----------- ---l----- -------------------------------. 
I under vacuum Degassing IPN mixture r -----------------------------------------1;--------------------~~~~~~~---------. 
Moulding I IPN mixture I O-ring mould 
-----------------------------------------~------------.----------------------_. 
60°C, 24 hrs. 
Curing I IPN mixture I 80°C, 24 hrs. 
------------- ----------------------------~------------.-------~?~~:!~-~:-----. 
Demoulding IPN nanocomposite 
sample 
Figure 3.6 Diagram of the IPN nanocomposite synthesis by synthesis procedure three, P3. 
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Synthesis Procedure Four, P4 
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Mixture I mixing (30 mins) 
~ 14 Iuitiator 
---------------------- -------------------------- --------- -------------------_. 
PU&PEMA 
components 
Mixing J 
I IPNmixture 
-----------------------. -----------------i--------
Degassing I IPNmixture 
-----------------------------------------1-------
Moulding I IPN mixture 
------------------------ ----------
----l------
Curing I IPNmixture 
-------------------------- --------------~-------
mixing (3 mins) 
under vacuum 
30-60 s. 
O-ring mould 
60°C, 24 hrs. 
80°C, 24 hrs. 
90°C, 24 hrs. 
Demoulding IPN nanocomposi te 
sample 
-------------------------------------------------
Figure 3. 7 Diagram of the IPN nanocomposite synthe sis by synthesis procedure four, P4. 
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3.2.6 Preparation of IPN nanocomposites by Process Four, P4. 
Synthesis procedure four (P4) allowed both the PU and the PEMA components to 
diffuse concurrently into the silicate galleries. Therefore, the PU constituents and the 
PEMA constituents were mixed in the early stage of the mixing process. Firstly, the 
triol (TMP) was added in the desired mole ratio into the polyol (PPGl 025), then the 
mixture was kept under vacuum for 60 minutes at 60°C to dissolve completely the 
solid TMP in the PPG. After that the mixture was left to cool to room temperature in a 
desiccator. Secondly, the nanoclay, the diisocyanate (TMXDI), the purified EMA 
monomer and the crosslinker (TEGDM) in the desired amount were added into the 
mixture, then homogeneously mixed for 30 minutes using a Silverson L2R mixing 
apparatus. Finally, the catalyst (SnOct) and the PEMA initiator (AIBN) in the desired 
proportions were added into the mixture and completely mixed for 3 minutes at 
ambient temperature by using a conventional laboratory stirrer at an angular rotation 
speed of 200 rpm. The homogeneous mixture was obtained. The degassing, moulding 
and curing processes were applied as same as in the other procedures. Figure 3.7 
represents the P4 synthesis procedure. 
In conclusion, the organoclay was first mixed with the PU component in the original 
synthesis procedure, the synthesis procedure one and two, but in the different stages 
and various chemicals. Whilst, in the synthesis procedure three, the organoclay was 
added and mixed with the PEMA component before being combined with the PU 
component. For the synthesis procedure four, both components were simultaneously 
combined and mixed with the organoclay. These studies were tried to find a suitable 
synthesis procedure that provided the IPN organoclay nanocomposite which, 
hopefully, would reveal enhancement in mechanical behaviour and damping 
properties. 
However, after being demoulded, the samples were left for at least a month at ambient 
temperature prior to characterisation to complete the curing processes. Besides, the 
samples were kept at room temperature under vacuum for a week to get rid of the 
chemical traces remained on the sample sheets before examining their properties in 
order to yield the good results. 
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3.3 Characterisation techniques. 
A number of characterisation techniques were used to investigate the morphology, 
dynamic mechanical and physical properties. X-ray diffraction and transmission 
electron microscopy techniques were used to characterise the structure ofthe polymer-
clay nanocomposites. Dynamic mechanical thermal analysis (DMTA), modulated-
temperature differential scanning calorimetry (M-TDSC), and transmission electron 
microscopy (TEM) were the principal techniques used to study the glass transition 
behaviour and morphology. The other techniques were tensile testing and hardness 
measurement. The instrumentation and experimental conditions of each technique are 
briefly stated in the following sections. 
3.3.1 Wide angle X-ray diffraction (W AXD). 
X-ray diffraction is commonly used in polymer systems to determine the presence of 
ordered arrangements of atoms and molecules, so called structural parameters. Most 
polymeric materials are either amorphous, or partially crystalline to varying 
degrees(l49). Typically, it is used to provide information such as whether the polymer is 
crytalline or amorphous, oriented or unoriented, and the size of any repeat distance(l50). 
In addition, structural information such as the unit cell, space group and full structure 
of a crystalline or semi-crystalline polymer may be determined. For organoclay 
nanocomposites, it confirms the crystalline structure of the mineral. W AXD measures 
the average distance between the nanolayers and their relative stacking order. Hence, 
W AXD provides valuable information about the interlayer spacing of nanoclays. The 
interlayer distance and stacking order determine the formation and performance of 
nanocomposites. The principle of X-ray diffraction(l51) is shown in Figure 3.8. 
X-rays 
d[ 
Figure 3.8 Priciple of X-ray diffraction. 
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The X-ray of wavelength A impinges at an angle 9 on two adjacent planes separated by 
an inter-planar distance, d. Diffracted X-rays are shown making the same angle 9 with 
these planes. The wave normals connect points of identical phase for incident and 
diffracted rays. The difference in path length between the rays diffracted by two 
adjacent planes is A+B, and must equal a whole number of wavelengths, i.e. nI.., where 
n is an integer, for total constructive reinforcement to occur between the scattering 
from these planes. Since the direction of d is normal to the planes, and the wave 
normal is normal to the wavelets, so the angles opposite A and B are also 9. Thus, 
from the geometry of the figure, constructive interference occurs when: 
nA = 2dsin9 (3.1) 
This equation is known as Bragg's law(ISI). The case where n = I refers to the 
diffraction of the first order from the given planes. 
In the present study, W AXD was used to examine the interlayer spacing of nanoclays 
dispersed in IPNs. A Bruker model D8 X-ray generator was operated at 40 kilovolts 
and 40 milliamperes. A graphite monochromator copper k" radiation (A = 0.1542 urn) 
was used throughout. The scan speed was 0.24°/min. and the angle of scan was from 
1° to 25°. 
3.3.2 Transmission electron microscopy (TEM). 
Transmission electron microscopy is a powerful technique used to study the 
morphology at and below the nanometre scale. Therefore, it can be used to confirm 
results obtained by W AXD about the organisation of the clay layers in the 
nanocomposite. Furthermore, TEM is widely used to examine the miscibility and 
phase segregation of IPNs. The infonnation about the extent of molecular mixing, the 
size and shape of the domains and their distribution can be investigated. TEM can be 
used only on ultrathin specimens less than 1 ~m thick(lS2). Thus, the TEM specimen 
requires special preparation. Figure 3.9 illustrates image formation in a TEM(IS3). 
The electron gun, usually made of a tungsten filament, produces the electrons. These 
electrons are accelerated by applying a high voltage. The condenser lenses equipped 
with a diaphragm directs an electron beam onto the specimen with aid of a series of 
electrostatic and/or electromagnetic lenses. The electrons are scattered passing through 
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the specimen. Then they are transferred to the objective lens, forming the first image of 
the specimen. The objective aperture controls the spread of the electron beam and 
gives contrast to the image. The intermediate lens and projection lens magnify the 
image and focus it on the viewing screen. The strength of the lenses can be controlled 
by varying the current through them. In this way, it is possible, easily and rapidly, to 
change the magnification(153). 
~~ Electron gun 
0 0 Condenser lenses 0 0 
Specimen First aperture 
Objective lenses 0 0 
0 0 
Objective aperture 
Intermediate lenses 
0 0 
Final aperture 
Final image 
Figure3.9 Diagram of image formation in a transmission electron microscope(153). 
Because ofthe soft characteristic behaviour of most IPN nanocomposite sheets at room 
temperature, prior to sectioning the samples are imbedded in epoxy resin in order to 
increase the hardness. Ultrathin sections of 100 urn were cut by using a LKA Bromma 
8800 U1tratome III ultramicrotome. After that the cut samples are stained with osmium 
tetroxide, by dipping them into the osmium tetroxide solution for an overnight, or with 
ruthenium tetroxide vapour for 20 minutes in a closed container. The TEM instruments 
used in this study were a JEOL JEM 100CX operated at accelerating voltage of 100 
kilovolts and a JEOL 2000FX operated at accelerating voltage of200 kilovolts. 
3.3.3 Dynamic mechanical thermal analysis (DMTA). 
Dynamic mechanical analysis(106,154) is the most common technique to determine 
degree of phase separation in mUlti-component systems. A sinusoidal oscillatory stress 
test is one of the most widely used methods for the experimental measurement of the 
mechanical behaviour of polymers as a function of temperatures, frequency or time, or 
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both(106,107). DMTA can be applied to a wide range of materials using the different 
sample fixture configurations and deformation modes: bending; shear or tensile. 
In this techniqueY06,152) a sinusoidal load is applied to the sample and a real, or in-
phase, modulus, E', and an imaginary, or out-of-phase, modulus, E", are measured. 
The real and imaginary moduli represent the elastic and viscous behaviours of the 
sample, respectively. Their ratio, E"IE', defined as the loss tangent, or damping factor, 
tan 0, is shown in Figure 3.10. 
En E* 
E' 
Figure 3.10 Diagram for complex modulus. 
The vanous degrees of miscibility in mUlti-component polymer systems can be 
examined using DMTA results(59). Figure 3.11 shows generalised relationships for 
immiscible or heterogeneous, partially miscible, and miscible polymer blends. Two 
glass transition peaks at the location of their corresponding homopolymers will be 
observed if the two polymers are immiscible, or mixing is incomplete as when phase 
separation occurs before crosslinking(59,1I3). For partially missible blends, two 
possibilities are represented. A blend of polymers that exhibit some degree of 
miscibility will have two transition peaks shifted inwards between those of their two 
homopolymers(59). Another possibility is a semi-miscible system. In this system, a 
broad transition region can be achieved, indicating micro-heterogeneity, in that a large 
number of phases of differing compositions exist(59,1l3). A miscible system will exhibit 
a single glass transition between the glass transitions of the components with a 
transition sharpness similar to those of the components(59). 
The storage modulus versus temperature profile also can used to identify the degree of 
miscibility. An immiscible polymer blend exhibits two clearly separated glass 
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transition peaks, while the miscible polymer blend exhibits only one glass transition. A 
broad glass transition arises from a micro-heterogeneous structure, or semi-miscible, 
system. 
log 
modulus 
E' 
tanS 
f\. 
. \ / . 
.... . \" \ ./ ••.•••.. , I I / .... \ill 
"'\!, • • ..... 
'/.~....... I" ..... ).. 
Temperature 
Figure 3.11 Generalised mechanical loss and modulus behaviour for different types of 
polymer blends. a) miscible (dashed-dotted line); b) limited miscibility (dashed line); 
c) microheterogeneous (dotted line); d) heterogeneous (solid linef59!. 
The DMTA instrument used in this study was a Rheometric Scientific dynamic 
mechanical thermal analyser (Model MK II). It is comprised of five main parts. 
Namely, i) the mechanical measurement unit, ii) the DMTA analyser, iii) the 
temperature controller, iv) the control computer, and v) the liquid nitrogen delivery 
system. A schematic diagram ofthe measuring head is shown in Figure 3.12. 
For the bending mode(l49) used in the present study, a sample in the form of a small bar 
is clamped firmly at both ends and the central point is vibrated by means a ceramic 
drive shaft. The drive shaft can be driven at frequencies selected from the range 0.01 to 
110Hz. The applied stress is proportional to the A.C. current fed to the drive shaft and 
the strain is detected using a transducer that measures the displacement of the drive 
clamp. Temperature can be controlled up to 800°C(I061, either isothermally or more 
normally by ramping up and down at various fixed rates. For sub-ambient operation, a 
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suitable coolant, recommended is the use of liquid nitrogen, must be passed through 
the cooling chamber(I06). 
,---""",,---------Vibrator 
1\----"";-------0 ispJaccment 
Transducer 
Temperature 
/ /' '-\ ..),---"-,",-- E nclos UT e 
Liquid 
,--];lOt;,L-""":;:' N j tr ogeo 
Figure 3.11 A schematic diagram of measuring head of a DMTA(J49). 
The present work used the bending mode in a dual cantilever clamping assembly. 
Sample specimens in the form of bars with dimensions approximately 25 mm. x 10 
mm. x 2 mm. were investigated by varying the temperatnre from -80°C to 230°C at a 
heating rate of 3°C/min. The strain amplitude was fixed at a value of x 4, while the 
frequency was also fixed at 10Hz. 
Clamp bars 
Spacers 
"""2:,-----Frame 
Sample 
Drive clamp bar 
and inserts 
Figure 3.13 Clamping arrangement for the dual cantilever bending mode(l55). 
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3.3.4 Modulated-temperature differential scanning calorimetry (M-TDSC). 
Differential scanning calorimetry (DSC) is a thermal analysis technique used to 
measure changes in heat flows associated with material transitions. DSC 
measurements provide both qualitative and quantitative data on endothermic (heat 
absorbing) and exothermic (heat evolving) processes. DSC instruments can analyse 
solid and liquid samples by using only a small amount and can vary over a wide 
temperature range(153). A sample is placed in an aluminium pan which is sealed using a 
sample pan crimper. DSC method is schematically presented in Figure 3.14. 
Sample 
\ 
\ 
\ 
L\ .-l 
. ~ 
'" 
~ ~ *" ~ 
I Heating 
element Sample 
temperature 
sensor 
Reference 
I 
I 
,.L I~ 
~ ~ 1%. ~ ~ ~ 
\ 
Reference 
temperature 
sensor 
,!. Block 
Figure 3.14 Essential elements of a DSC cell(153). 
The sample and reference are heated separately by individually controlled heater 
elements. The temperature of the sample holder is kept the same as that of the 
reference holder by continuous and automatic adjustment of the heater power. The 
differential power required to achieve this condition is recorded as the ordinate on the 
recorder, with the programmed temperature of the system as the abscissa(153,156). A 
DSC thermogram of an undercooled, potentially semi-crystalline polymer illustrating 
the measurement principle is shown in Figure 3.15. 
At low temperatures, the sample and the reference are at the same temperature. An 
increase in the heat flow to the sample is required when the glass transition is reached 
in order to maintain the two at the same temperature. Thus, the change in level of the 
scanning curve is proportional to 6.Cp. Further heating of this polymer caused 
crystallisation to occur creating the exothermic peak. The heat flow to the sample in 
this temperature region should be less than the heat flow to the reference. The 
integrated difference between the two heat flows, the area under the exothermic peak, 
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is equal to the crystallisation enthalpy. The melting process, which is an endothennal 
process, has the heat flow to the sample higher than that to the reference, and the peak 
points downwards. Thus, the melting enthalpy is proportional to the area under the 
endothennic peak(156). 
Exo 
i Tc 
dT Tg 
~ !lep 
Endo 
T.~\ 
...•...... / \ 
-" \" : 
\ ...... / 
Temperature. 
........... 
Exothennic 
Endothennic 
Figure 3.15 Schematic DSC traces depicting several transition types(106). 
In recent years, a new thennal analysis technique has become available, known as 
modulated-temperature differential scanning calorimetry (M-TDSC)(157). It provides 
the same qualitative and quantitative infonnation about physical and chemical changes 
as conventional DSC. M-TDSC overcomes certain limitations of conventional DSC. 
The effects of baseline slope and curvature are reduced, therefore improving the 
resolution and the sensitivity of the system(l58). M-TDSC uses the same conventional 
heat flux DSC cell system. Uniquely, it uses a different heating profile, specially a 
sinusoidal modulation or oscillation which is superimposed on the conventional linear 
heating rate as shown in Figure 3.16. This modulation in heating rate results in a 
corresponding modulation in heat flow. This results in three signals, the underlying or 
average response that is equivalent to a conventional DSC at the same underlying 
heating rate, the amplitude of the modulation and the phase lag(152). M-TDSC data 
analysis separates the total heat flow, or apparent heat capacity, into reversing and non-
reversing components(l52,158). 
This method was first proposed by Reading(l59). The reversing component of the heat 
flow is obtained from the first harmonic of the heat flow by using a Fourier transfonn 
of the data. The non-reversing heat flow is defined as the difference between the 
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average heat flow and the reversing heat flow. Figure 3.17 shows the M-TDSC data for 
PET. 
-' 
-' 
-' 
-' 
-' 
-' 
/ 
-' 
Time 
Figure 3.16 Typical modulated temperature profile versus time in M-TDSC. The 
dashed line shows the underlying heating rate(157). 
The basic response of an ideal DSC(160) is a combination of a signal that depends on 
the rate of change of temperature and another one which depends on the value of the 
temperature. The former depends on the sample heat capacity and the latter on the rate 
of any kinetically driven process. This can be given by equation (3.2). 
dQ 
dt 
+ f(t,T) (3.2) 
where Q is the amount of heat evolved, Cp the thermodynamic heat capacity, T the 
absolute temperature, t the time, and f(t, T) is some function of time and temperature 
that governs the kinetic response of any physical or chemical transformation. 
The temperature progranune is given as a sinusoidal sine wave(158) expressed as 
follows. 
T = T + bt + B sinwt o (3.3) 
where To is the stating temperature, ro/21t the frequency, b the heating rate, and B the 
amplitude of the temperature modulation. 
So, the derivative with respect to time of the equation (3.3) is 
dT 
= b + Bw coswt (3.4) 
dt 
Then, equation (3.2) can be written as 
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= Cp [b+Bwcoswt] + h(t,T)+Csinwt (3.5) 
where fJ(t,T) is the average underlying kinetic function once the effect of the sine wave 
modulation has been subtracted, and C is the amplitude of the kinetic response to the 
sine wave modulation. Therefore, it can be seen that the heat flow signal will contain a 
cyclic component. 
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Figure 3.17 The M-TDSC results for PET(160). 
As is known from the literature(59), information about immiscibility or miscibility in 
multi-polymer systems can be obtained from Tg studies, because the Tg value is 
sensitive to many microstructural aspects of the material(157). Measurement of the Tg 
transition can be determined easily and accurately from the change in heat capacity of 
the polymer system by using the M-TDSC technique as shown in Figure 3.18. 
The increment of heat capacity over the glass transition can be obtained from equation 
(3.6). 
llCp = 
Tt 
ndCp(T) / dT] dT (3.6) 
T, 
where Ti and T f are the initial and final values of the temperature in the glass transition 
region(J58). 
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For an immiscible polymer blend, the total ACp is the linear addition of the ACp values 
ofthe two constituent polymers(157). 
(3.7) 
PS 
Heat capacit 
Heal flow 
de IdT 
40 60 80 100 120 140 
Temperature (0C) 
Figure 3.18 M-TDSC curves show changes in heat flow, heat capacity and dCp/dT 
with temperature(l57). 
where WlO and W20 are the weight fractions of polymer 1 and polymer 2, respectively. 
ACPl and ACP2 are the values of the increments of heat capacity at the corresponding 
Tgs. 
When the system exhibits an interface, a partially miscible polymer blend, the ACp can 
be obtained by 
ACp 
ACp 
= 
= 
t,CPl + t,CP2 + ACPi 
Wl t,CplO + W2 L\.CP2o + t,CPi 
(3.8) 
(3.9) 
where Wl and W2 are the weight fractions of polymer 1 and polymer 2, respectively, in 
the mixed phases. ACPi is the increment of heat capacity of the interface in its glass 
transition region. ACPiO is the increment of heat capacity at the Tgs before mixing. The 
weight fractions, Ih and Ih in the polymerl-polymer2 interfacial regions can be 
obtained as follows(l61). 
(3.10) 
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= W20 - ~Cp2/~Cp20 (3.11) 
where Ww is the weight fraction of the polymers before mixing. 
For a miscible two-polymer blend, Tg depends on the composition ratio. The 
increment of heat capacity, ~Cp, at Tg, which has been shown to be larger than in an 
immiscible polymer blend, will vary with the proportion ofthe two polymers(162). 
In this study, a TA Instruments 2920 calorimeter was used. The samples were heated at 
3°C/min. with an oscillation amplitude ofO.BoC and oscillation period of60 s. 
Dynamic Sample Chamber 
Reference Pan S 
ample Pan 
Healing 
810ck 
l1 Thermocouple Alumef Wire Junction Chromef Wire Thermoelectric Disc 
(Constantan) 
Figure 3.19 Schematic diagram of a cross-section of a M-TDSC ceU(163). 
3.3.5 Tensile studies. 
Mechanical, or physical, testing of a polymer material is carried out to obtain 
numerical values of different mechanical properties in order to identify, or classify, 
materials. A straightforward means of examining the physical properties of polymers is 
tensile testing or stress-strain experiments(102). In a stress-strain experiment, a sample 
is pulled until it breaks. The force applied, or stress, is recorded as a function of strain, 
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the change in length. The important types of the stress-strain curves are illustrated in 
Figure 3.20. 
Brittle plastic 
Tough plastic 
Elastomer 
& 
Figure 3.20 Stress-strain behaviour of polymeric materials(I02). 
The tensile parameters are calculated as follows(I64). 
Tensile strength (a) defines the maximum tensile stress sustained by a test piece during 
a tensile test. 
a (MPa) = 
where F is the force, in N and 
F 
A 
A is the cross-section area of the gauge region of test piece, in mm2. 
(3.12) 
Strain or elongation at break (&) defines the extent of elongation when the sample 
breaks. 
&(%) = L-L ( O)x 100 
L 
(3.13) 
where L = length between gauge marks at break in mm. 
10 = initial gauge length in mm. 
Elastic modulus (modulus of elasticity or Young's modulus) defines the ratio of the 
applied stress to the strain in the linear portion of stress-strain curves. 
Modulus (MPa) = /';(7 
where 1'>.0' = the difference in stress between two points on the straight line 
1'>.& = the difference in strain between the same two points 
(3.14) 
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In a typical tensile test(l64), a sample in the fonn of a dumb-bell shape, shown in Figure 
3.21, is clamped between two sets of grips. One set of grips is fixed and the other is 
attached to a moving crosshead and load cell arrangement. The thinner portion of the 
tensile specimen encourages the sample to fail at the centre of the bar and not at the 
grip sites, where stress concentration may result in premature failure. Crosshead speed 
depends on the nature of the polymer material. The general purpose is to use a speed 
that allows all polymers to be tested at the same timescale: fast speeds for extensional 
materials and slow speeds for rigid materials. 
75 mm. 
Gauge Length 
25 mm. 
Figure 3.21 Typical tensile test piece(l64). 
Tensometers measure the force necessary to elongate and break the specimen and also 
usually determine the accompanying elongation, achieved by measurement of the 
crosshead movement in the case of a straight sample. Force values are converted to 
stress values, whilst elongation is given as a percentage figure as shown in Figure 3.22. 
The modulus is usually taken as the initial slope through the zero point. The area under 
the curve is a measure of the energy required for a failure. In the present study, the 
tensile tests were carried out by using a Lloyd model 2000 R instrument equipped with 
a 500 N load cell and a crosshead speed of 50 mm/min. Tests were conducted at room 
temperature. Three to five specimens were tested to obtain an average value for each 
sample. 
3.3.6 Hardness measurement. 
Hardness measurement is an easy and rapid measurement. It measures the resistance of 
materials toward indentation(l65). The indentation hardness of a material is inversely 
related to the penetration and is dependent on its modulus of elasticity and viscoelastic 
properties(166). Generally, an indenter is pressed into the surface of the material to be 
tested under a specific load for a definite time interval. 
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Figure 3.22 Typical stress/elongation curve for a rubber compound in tension(l64). 
The hardness testing of plastics and rubbers/elastomers is most commonly measured 
by a Shore (Durometer) test, using either the Shore A or Shore D scale. The Shore A 
scale is used for softer materials, while the Shore D scales is used for harder ones. 
Figure 3.23 shows shapes of in den tors for Shore A and Shore D scales. The scale of a 
Shore hardness gauge has 100 divisions, ranging from 0 for the full protrusion of 2.5 
mm ± 0.04 mm to 100 for nil protrusion obtained by placing the pressure foot and 
indentor in firm contact with a flat piece of glass(166). 
In this present study, Shore A hardness measurements were made using a Durometer 
(type M) from the Shore Instrument & Mfg. Co., Inc., New York. The testing was 
conducted at room temperature (22 ± 10 C). A hardness value was read after placing 
the pressure foot and indentor in firm contact with a sample specimen for 5 seconds. 
An average of at least 5 readings were taken from the test specimen at random over the 
entire both top and bottom flat specimen surfaces. Each specimen was composed of 
three thin layers to obtain the necessary thickness. 
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Figure 3.23 Indentor geometry for the Shore durometer (a) type A and (b) type D(l65). 
81 
L... _____________________________________ _ 
-----------------------------------------------------------
CHAPTER 4 
SELECTION OF SUITABLE FORMULATIONS AND 
CONDITIONS 
Chapter 4 Selection of suitable formulations and conditions 
CHAPTER 4 
SELECTION OF SUITABLE FORMULATIONS AND 
CONDITIONS 
Most polymer blends, especially IPNs, exhibit phase separation, microheterogeneous 
morphology, which strongly affects their physical and mechanical properties(102). There 
are a number of factors influencing IPN morphology, including the composition of the 
IPN and the synthesis conditions, as discussed in section 2.1.3. However, the use of 
filler reinforcement in polymer matrices also improves the stiffness, strength and 
resistance to temperature and creep of the matrix materials(167). It has been reported(l4. 
16) that the introduction of organocIays into polymers can result in drastic changes in 
morphology and mechanical and rheological properties. 
In this chapter, there were five sections. The first section is focused on the study of. 
IPN-organoclay nanocomposites based on 70PU/30PEMA' IPN~, because of this 
. composition ratio showing a microheterogeneousmorphology and great potential for 
. sound and mechanical energy absorption(43,44), by adding various amount ofCloisite 
20A, C20A. The influence of the C20A organocIay on the homopolymers, PU and 
PEMA, is reported in the second section. In the third section, three different 
composition ratios of PUIPEMA IPNs, in which the component ratio in the PU and 
PEMA networks were fixed, were investigated in order to get a suitable formulation 
which broadens and heightens tan () values and thus, improves the dynamic mechanical 
properites of the materiaL Futhermore, the influences of the mixing time and the 
amount of the PU catalyst, SnOct, on the 70PU/30PEMA IPN properties are reported 
in the fourth and fifth sections, respectively. However, the original synthesis procedure 
(see section 3.2.2) was used for all the preparations of the IPN organocIay 
nanocomposites discussed in this chapter. 
4.1 Study ofPu/PEMA IPN organoclay nanocomposites. 
MontmoriIIonite is the most common type of clay used for polymer nanocomposite 
formation. Because of its relatively weak forces between the layers, intercalation of 
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various molecules, even polymers, is possible(l68). However, a number of 
compatibilising agents are used to improve the polymer dispersion in the clay galleries, 
by exchanging the hydrated cations in the interlayers with cationic surfactants, such as 
alkylammonium ions. Organically-modified layered silicates, also known as 
organoclays, are the most commonly used layered silicates in polymer 
nanocomposites(118). 
Cloisite 20A, C20A, is a natural montmorillonite modified with a quaternary 
ammonium salt, dimethyl dihydrogenated tallow quaternary ammonium chloride. Its 
modifier concentration is 95 milIiequivalentsll OOg clay. It is a white powder with a 
specific gravity of 1.77 g/cm3 and is used as an additive for plastics to improve various 
plastic physical properties(169). 
In this study, C20A at 0%, 1%, 3%, 5%, 10% and 15% by weight of PU were 
introduced into the 70PU/30PEMA IPN system by using an in-situ polymerisation 
method, in which the C20A organoclay was first homogeneously mixed with PPG 1025 
at room temperature for 30 minutes using a Silverson L2R mixing apparatus. The PU 
network was based on TMXDI, PPGI025, TMP and SnOct, with PPGl025:TMP ratio 
of 3: 1 and SnOct 1.2% by weight of PU, whereas the PEMA network was prepared 
containing TEGDM at 5 mol% of PE MA and initiated by AIBN at 1 mol% of PE MA 
(Chapter 3). The simultaneous IPN technique was used to combine intimately the 
crosslinked elastomeric PU with a high glass transition plastic, PEMA. Polymerisation 
of the constituent components involves non-interfering steps and radical chain 
reactions(l70). The PU and PEMA are considered(171) as a semi-miscible polymer pair 
with solubility parameters, 0, of20.5 (J/cmY' and 18.3 (J/cm3)'\ respectively. 
The aim of this work was to synthesis the polyurethane/poly (ethyl methacrylate) IPN 
organoclay nanocomposites and elucidate the influences of the amount of C20A 
organoclay on the glass transition behaviour, morphology, damping and mechanical 
properties of IPN organoclay nanocomposites. The samples were prepared and 
analysed by several characterisation techniques as outlined below. 
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4.1.1 Wide angle X-ray diffraction (W AXD). 
For polymer-clay nanocomposites, the most widely used technique is X-ray diffraction 
because it is the way to evaluate the spacing between the clay nanolayers and their 
relative stacking order. The sample preparation is relatively easy and the X-ray 
analysis can be performed with a few hours. The interlayer distance and stacking order 
determine the formation and performance of nanocomposites. Hence, W AXD is an 
effective method used to investigate and confirm that the polymer chain molecules 
have intercalated into the organoclay layers. 
However, dispersion stability of organoclays swollen in the matrix is very important in 
studying nanocomposites, as poorly dispersed mixtures typically lead to settling of the 
clay particle during polymerisation. Many studies(34,172,173) showed thatthe magnitude; 
of property improvement in polymeric systems strongly depended on the stateo£'" 
dispersion of the clay particles in the polymer. 
,Therefore, X-ray diffraction data were collected from both sides of cast samples 'to , 
verify a homogenous distribution ofthe organoclay particles. W AXD patterns for both' 
,sides: of organoclay C20A-filled 70PUl30PEMA IPNs for 1 and 15 wt% C20Aare '.: 
shown in Figure 4.1. Three diffraction peaks are observed in all the diffraction 
patterns, which reveal a 2e angle of 2.25", (<1001), corresponding to an interlayer. 
spacing of 4.13 nm and the secondary diffraction, (doo2), and the third diffraction, 
(doo3), at 4.58" and 6.75" respectively. The intensity of the bottom diffraction peaks is 
higher than that of the top ones for both the studied specimens, indicating that the 
C20A organoclay particles tend to settle down to the bottom side of the sheets during 
the polymerisation process. Moreover, the intensity difference between the top and 
bottom diffraction peaks are systematically decreased with the amount of clay loading. 
On increasing the amount of organoclay, the overall viscosity of the mixture is 
increased, consequentially, this restricts the settlement of clay particles during 
polymerisation. In this case, X -ray diffraction patterns of the bottom sides will be used 
for further study. 
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Figure 4.1 WAXD patterns for top and bottom sides of C20A organoclay-filled 
70PU/30PEMA IPNs containing 1 and 15 wt% ofC20A. 
The W AXD patterns for C20A organoclay, 70PU/30PEMA IPN, and C20A 
organoclay-filled 70PU/30PEMA IPNs for 1, 10 and 15 wt% clay are shown in Figure 
4.2. No diffraction peak are present in the unfilled 70PU/30PEMA IPNs, because it is 
an amorphous composites. Two diffraction peaks are observed in the C20A organoclay 
at 3.85° and 7.42° corresponding to the first and the second diffraction, respectively, of 
the interlayer spacing of 2.29 nm. After in-situ intercalative polymerisation with 
70PU/30PEMA, the diffraction peaks have shifted towards lower angle values of 
2.25° and 4.58°, corresponding to the plane (001) and plane (002) respectively, of the 
interlayer spacing of 3.92 nm, which indicates that the polyether polyol molecules 
intercalate between the clay nanolayers at all the clay contents. At higher clay content, 
greater than 10 wt% ofC20A, the intensity of the basal diffraction peak does not show 
any significant increment. This is probably because of agglomeration of organoclay at 
the higher clay contents. However, it is clear that the variation of amount of C20A has 
no effect on the intercalation ofpolyol into the clay galleries. 
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Figure 4.2 W AXD patterns for C20A organoc1ay, the 70PU/30PEMA IPN and the 
C20A-filled 70PU/30PEMA IPNs containing 1, 10 and 15 wt% C20A.· 
4.1.2 Transmission electron microscopy (TEM). 
A TEM investigation was conducted in order to study the morphology of the polymer 
nanocomposites. The image produced by this technique reveals infonnation about the 
extent of mixing and the size and shape of domains. It allows a precise observation of 
the nanostructures. Therefore, this technique is widely used to confinn the results 
obtained by W AXD about the extent of the filler dispersion in the polymer matrix. 
The TEM micrographs showing the morphology of the 70PU/30PEMA IPN and the 
70PU/30PEMA IPN organoclay nanocomposites are given in Figures 4.3 to 4.5. For 
all PUIPEMA IPN composites, no gross phase separation is observed by TEM. They 
show a fine morphology with light, interconnected PEMA domains in a dark OS04-
strained PU matrix. The phase domains are irregular in shape. The phase boundaries 
are not clear, indicating that there is high extent of the interconnection in these IPNs. 
At a high magnification, in addition to a dark PU matrix and light PEMA domains, an 
interface with different shades of grey is revealed. No further infonnation about the 
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IPN morphology is provided. However, there IS no sign ificant change on the IPN 
matrix with increasing the organoc!ay content. 
2000 nm 
200nm 
Figllre 4.3 TEM micrographs for the 70PU/30PEMA IPN. 
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Figure 4.4 rEM micrographs for the 70PU/30PEMA organoclay nanocomposite with 
5 wt% C20A. 
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Figure 4.5 TEM micrographs for the 70PU/30PEMA organociay nanocomposite with 
15 wt% C20A. 
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Because organoclays have a much higher electron density than the surrounding 
polymer matrix, they appear as dark particles in the TEM images. As can be seen from 
the 70PU/30PEMA IPN organoclay nanocomposites compared with the 
70PU/30PEM A IPN, Figures 4.3 to 4.5, the very large and unevenly di spersed 
organoclay platelets are aggregated in the polymer matrix at low magnification, 
indicating the relati vely poor di spersion of clay parti c les. Hi gh magnification of these 
materials shows large interca lated tactoids (mul ti- layer platelets) in which the clay 
layers are tightly packed together. Only a very li ttle amount of random distri bution, 
exfo li ati on, is observed. The extensive stack ing, with a well defined basa l plane 
spacing consistent with the pos ition of the corresponding first order Bragg peak, is 
shown in Figures 4.4 (d) and 4.5 (f) . Changing the concentration o f the organoclay in 
the polymer matrix does not significantly affect the observed microstructure. However, 
there are some vo idslflaws observed in the IPN organoclay nanocomposites. This 
evidence supports the W AXD results, showing the significant increase in the interlayer 
di stance. Therefore, the systems presented here do not show complete interca lation. 
4.1.3 Dynamic mechanical thermal analysis. 
Dynamic mechanical thermal analysis (DMT A) was used to complement the 
morphology studies(80) Whjje electron micrographs reveal the size, shape and 
arrangement of the phases, DMT A yields insights about the extent of mixing of the 
two components, at least semi-quantitatively. The shifting and broadening of 
transitions are generally(38.61) used as an indicator fo r the actual occurrence of mixing 
and interpenetration in IPNs. 
The resulting loss factor, storage modulus and loss modulus spectra for the 
70PU/30PEMA IPN organoclay nanocomposites with various C20A contents are 
illustrated in Figures 4.6, 4.8 and 4.10, respectively. Their dynamic mechanical 
properti es are summarised in Table 4.1. 
DMTA plots of the PUIPEMA IPNs (Figure 4.6) shows that the two polymers 
produced a semi-miscible system, where two shoulders corresponding to PU and 
PEMA-rich regions appeared at 1 QC and 90QC, respectively. The feature of the tan 0 
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curve is that it is broad and almost rectangular in shape with a considerable high 
damping temperature interval. Glass transition broadening has been reported(174-177) in 
IPNs prepared from semi-miscible polymers. The reasons for the broadening include 
micro-heterogeneity of the system with some ex tent of molecular mixing(38) and a fine 
dispersion of the component domains(174,177) 
Table 4.1 Dynamic mechanical properties of 70PUI30PEMA IPN organoc1ay 
nanocomposi tes with various C20A contents. 
C20A Tg at tan I) max Tan I) max value at Tg Peak width 
(%wt) (QC) tan I) ~ 0.3 
PU PEMA PU PEMA ("C) 
unfilled I 90 0.50 0.49 -
3% -11 83 0.39 0.54 
-21 B 125 (146) 
5% -13 82 0.36 0_58 
-20 B 13 1 (151 ) 
10% -14 76 0.31 0.65 
- 15 B 125 (140) 
15% -1 6 75 0.26 0.77 0 B 127 (127) 
The PEMA tTansition reveals at 90QC (tan I) max 0.49) in the absence of the C20A 
organoclay_ Incorporation of C20A organoc1ay brings down the transition to 75QC (tan 
I) max 0_77). A gradually increasing damping response at the PEMA Tg is observed for 
all the studied range. 
In addition, there is a downward shift of PU transitions over the composition range of 
the IPN organoclay nanocomposites in combination with a reduced tan I) max at Tg 
which strongly contrasts with the finding of the PEMA transition, as shown in Figure 
4.6. As the C20A organoc1ay is added, the PU transitions decrease from I QC (tan I) 
max 0.50) shown by the unfilled organoc1ay to - J6QC (tan I) max 0.26) shown by the 
sanlple of 15 wt% C20A organoclay. Moreover, the peak width of tan I) ~ 0.3 seems to 
be smaller at the higher clay content. A comparison plot of the glass transition and tan 
delta values is shown in Figure 4_7. 
91 
Chapter 4 Selection of suitable formulations and conditions 
0.8 - 4 - unfi lled 
l~ -~- 3% -. 5% 
0.6 ~~ ." '4, - · - 10% 
.'f' ••••• ~ 
",'" . + 
-+- 15% 
;:: 
-.; 
"0 0.4 ~ 
I-
0.2 
0.0 ~~:""--'--'----'--~-r--T---'-~'---'----'-~"""'----'-~,--r-~ 
-60 -40 -20 o 20 40 60 80 100 120 140 160 
Temperature CC) 
Figllre 4.6 Loss factor versus temperature plots for the 70 PU/30PEMA IPN 
organoclay nanocomposites: 0, 3, 5, 10 and 15 wt% C20A. 
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Figllre 4. 7 Glass transitions and tan delta max values con'esponding to PU and PEMA-
rich phases with various clay contents. 
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Here, it is necessary to explain why the PO Tg goes down as does its tan () max and 
why the PEMA Tg goes down as its tan () max goes up . It is believed that the polyo l, 
PPG, molecules can intercalate the ga lleri es of the C20A clay as was shown in 
experiments where the C20A clay was treated wi th PPG only. Here, the d-spacing 
changed from 2.29 nm to 3.76 nm . It was found also that the dii socynate, TMXDI, also 
intercalated (d-spacing changed from 2.29 nJll to 3.84 nJll). Consequently, it is beli eved 
that during the PU network polymeri sation there was an imbalance in the hydroxyl : 
isocyanate ratio resulting in an incomplete network yielding, perhaps, rather branched 
molecular species rather than a complete network . This wou ld explain both the 
reduction in g lass transition (a more fl ex ible species) and the drop in tan Ii max as 
fewer PPG species were involved. In the case of the PEMA network, it may also be 
that the degree crosslinking is reduced because of intercalated and non-reacted 
monomer/crosslinker, yielding a more flexible (lower Tg and higher tan Ii max) 
molecular structure. 
Another possible reason of the reduction in the tan Ii max at the PO Tg might be due to 
a restTicted mobility of the chain segments in the PO network, where the clay was 
blended in before mixing. As a consequence, there was a reduced amount of the chain 
segments in the PU network to interpenetrate with the PEMA network . Therefore, the 
latter polymer predominated and exhibited the increased tan 0 max, compared with that 
in the IPN themselves. 
Lipatov et al ( 178) also reported a similar trend in the study of reinforcing silica-filled 
sequential POIPS IPNs. They found that the loss factor value at the PO transition 
decreased with increasing amount of silica. They proposed that when the fill er was 
blended in before curing, the mobility of the chains in PO network was restricted. 
Li et al(1 79) also studied the influence of filler on the damping properties. They 
proposed two possible factors in the damping ability for filled polymer sys tems. One is 
a decrease in free volume, which limits the mobility of molecular chains so that the 
damping value decreases . Another is about internal friction between the fillers and 
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polymer chains, and between the fill er particles themselves over the transition range. 
When the movement of molecular chains becomes more substantial, the transition 
range will increase so the damping ability increases. 
Figure 4.8 shows the storage modulus o f IPN organoc\ay nanocomposites as a function 
of temperature. As demonstrated in thi s figure, there is no sign of gross phase 
separation, which would be noticed as sharp drops at the Tgs of both 
homopol ymers( I 0) 
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Figure 4.8 Storage modulus versus temperature plots for the 70PUl30PEMA lPN 
organoclay nanocomposites: 0, 3, 5, 10 and 15 wt% C20A. 
Each IPN organoclay nanocomposite produces a broad transition interval. However, 
the storage moduli in the glassy state exhjbit no significant djfferences, whjle in the 
rubbery state, they reveal a great change, as compared to the unfilled IPN. This could 
be attri buted to the larger modulus ratio between the polymer and the silicate clay 
particles of the composites when they are in the rubbery state compared to the rigid 
glassy state. Besides, at the temperature range between the homopolymers, the storage 
modulus increases with increasing organoclay content. With increasing organoclay 
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content, the higher storage modulus refl ects a gradual change in viscoelastic properties 
from elastic-like to a more glassy material. 
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Figure 4.9 Storage modulus at 20·C for the 70PU/30PEMA IPN organoclay 
nanocomposites with various clay contents. 
9~--------------------~====~ 
7 
6 
5 
-60 -40 -20 0 
• unfilled 
- 6- 3% 
• 5% 
- . - 10% 
- +- 15% 
20 40 60 80 100 120 140 160 
Temperature (C) 
Figure 4.10 Loss modulus versus temperature plots for the 70PU/30PEMA IPN 
organoclay nanocomposites: 0, 3, 5, 10 and 15 wt% C 20A. 
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Figure 4.10 shows the bending loss modulus of lPN organoc1ay nanocomposi tes as a 
function of temperature. Again, it can be seen that the add ition of clay results in an 
increase in loss modulus at rubbery plateau, although the gradient of the curve does not 
increase with increasing the clay content. Typical increase in modulus for filled 
systems has been reported earlier(180) 
Corresponding with the data obtained from the storage modulus and the loss modulus, 
evidence of some degree of phase separation indicated by a two-step broad modulus 
with slight changes of slope is found from the 15 wt% organoc1ay content. However, it 
should be noted that the location of Tgs are difficult to detect accurately, especially, 
for the PU transition, where a very broad change over a range in loss factor profile was 
observed for alllPN organoclay nanocomposi tes. 
Many studiestI24,126,IJI) have investigated the influence of organoc1ay content on 
dynamic mechanical propert ies of polymers . They found a simi lar trend in that the 
storage modulus appeared to be substantially enhanced at temperatures above Tg for 
exfo liated nanocomposites with layered silicates of high aspect ratio . 
A possible explanation for such an improvement could be the creation of a three-
dimensional network of interconnected silicate layers, strengthening the material 
through mechanical percolation. 
However, Noh et al(127) found no significant difference in the storage modulus could 
be seen over the investigated temperature range for an intercalated PS nanocomposi tes, 
indicating that intercalated nanocomposites did not strongly influence the elastic 
properties of the matrix. A shift and broadening of the tan /) peak towards higher 
temperature occured, indicating an increase in the glass transition temperature. They 
ascribed this to the restriction of segmental motions at the organic-inorganic interface 
region of these intercalated composites. 
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4.1.4 Modulated-temperature differential scann ing calorimetry (M-TDSC). 
More detailed information about the morphology of PUIPEMA IPN organoclay 
nanocomposites was obtained from di fferential heat capaci ty, dCp/dT, versus 
temperature data by M-TDSC. The signals provide useful info rmation because they are 
sensitive to glass transition temperature, miscibility and degree of molecul ar mixing of 
a polymer blend(159) 
M-TDSC curves for the 70PU/30PEMA IPN organoclay nanocomposites are shown in 
Figure 4.11 . The M-TDSC data are also listed in Table 4.2. Differenti al heat capacity 
signal, dCp/dT, for PU and PEMA homopolymers, show single peaks with dCp/dT 
values of 0.029 and 0.012 Jg- IOC2, where the transition temperatures are centered at -
37°C and 81°C, respectively. Also, the dCp/dT signal fo r a PU(70%) + PEMA(30%) 
physical blend shows two single peaks at the locations of the respecti ve 
homopolymers. 
Table 4.2 M-TDSC data for the 70PU/30PEMA IPN organoclay nanocomposites with 
varying C20A clay contents. 
C20A Tg, OC dCp/dT value, J/g" 'oC' 
%wt 
PU PEMA PU PEMA 
Pure PU -37 - 0.029 -
Pure PEMA - 81 - 0.01 2 
Phys ical blend -37 81 0.02 1 0.004 
unfilled -37 62 0.01 8 0.001 
1% -37 62 0.017 0.002 
3% -36 62 0.016 0.001 
5% -37 60 0.015 0.001 
10% -37 59 0.015 0.00 1 
15% -38 58 0.014 0.002 
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Fig ure 4.11 Differential heat capacity versus temperature plots showing the effect of 
organocJay content for the 70PU/30PEMA IPN organoclay nanocomposites. 
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Besides, the PU and PEMA homopolymers, the PU(70%)/PEMA(30%) physical blend, 
the other IPN organoclay nanocomposites reveal some degree of phase separation and 
exhibit a broad shoulder at the second transition. However, the spanning of 
transition spectra over wide temperature ranges between the transitions of pure PU and 
PEMA implies that gross phase separation did not take place. Hence, this multi -phase 
behaviour over the whole range of clay contents in these 70PU/30PEMA IPN 
organoclay nanocomposites is confi nned by the M-TDSC measurements. 
It also can be seen that the Tg value of PU network in the IPNs is equal to that of the 
pure PU network. However, the Tg values of PEMA network exists as a weak, very 
broad transition and it is di ffi cult to identify the location of Tg. It is lower by at least 
19°C than that (8 1°C) of the pure PEMA network. The presence oforganoclay resul ts 
in simi lar spectra where a sharp peak appears at the PU transition and a very broad 
shoulder is revea led at the PEMA transition over the entire clay content range. 
Glass transitions of the non-clay containing IPNs are detected at -37°C and 62°C. With 
an addition of organoclay, the Tg va lues of PU network are similar to that of the pure 
PU network. However, the PEMA transitions shift s lightly downwards from the 
PEMA Tg of IPNs, but thi s is not significant. 
Increased clay loading reduced the vo lume frac tion of polymer in the composites, 
resulting in a slight reduction of heat capacity values at the PU Tgs. However, fo r 
PEMA transition, no significant changes are observed. It was noted that the Tg values 
obtained from M-TDSC technique were typically lower than those obtained from 
DMTA method, mainly due to lower frequency of M-TDSC as compared to that of 
DMT A equipment. DMTA also provides a more sensitive measure of this transition as 
shown in section 4.1.3. 
Hence, the presence of organoclays did not cause any significant change in the 
positions of the glass transition temperatures and shapes of M-TDSC spectra when 
they are compared to the IPN spectrum. 
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Many studi es examined the influence of organoclay on the thermal properti es of the 
polymer nanocomposites. Lu et al(1 81) found that the increasing C30B montmorillonite 
content on epoxy resin matrix resulted in a shift of Tg to higher temperatures, and the 
Tg regions became broader relative to the pure epoxy. They stated that the increment 
of the Tg was attributed to chemical bonding in the interphase between the si licate and 
epoxy matrix, which retarded the mobility of the epoxy network segments near the 
solid surface. 
Song et a l. (l82) investigated polyurethaneiNa +-montmori llonite nanocomposites. By 
increasing the weight fraction of layered clay, the peak area of the di fferential of heat 
capacity signal, dCp/dT, versus temperature decreased, indicating that the value of 
t-Cp decreased. They ascribed thi s to the fact that. some modified polyether polyol 
segments were intercalated between the layers in the clay. Therefore, the glass 
transition of that part which was confined strongly between the silicate layers did not 
occur. 
Gelfer et al( 183) evaluated the effects of C6A organoclays on PSIPMMA blends. The 
presence of organoclays greatly affected Tg in these PS/PMMA blends, while there 
was no significant shift on the Tgs of PS and PMMA homopolymers . They found two 
distinctive peaks at 78°C and 115°C after adding C6A clay, instead of only one peak at 
about 105°C. The reduction in Tg value was related to the region near the PSIPMMA 
interface, which was plastici sed by the free surfactant from the organoclay. The higher 
Tg value probably corresponded to small PMMA domains confined by tile PS phase. 
4.1.5 Tensile behaviour. 
Fillers can modify the properties of polymer systems in many ways. Some mechanical 
properties are influenced by the interacting effects between the polymer and the fill er 
and also the reinforcing characteris ti cs of the till er used(l84) Furthermore, layered 
silicate nanofillers have shown that the intercalated and/or delaminated 
nanocomposi tes can show tremendous property improvements(14) 
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The mechanical properties of the IPN organoclay nanocomposites were also 
invest igated by tensile testing. The results are li sted in Table 4.3. Figure 4.12 
illustrates the tensi le properties: modulus of elasticity; tensile strength and elongation 
at break versus the organoclay content. 
Table 4.3 Measured values of maximum tensile strength , extension at break, and 
modulus of elasticity for the IPN organoclay nanocomposites. 
Clay content Tensile strength Extension at break Modulus of elasticity 
(wt%) (MPa) (%) (MPa) 
unfilled 4.58 ± 0.24 736 ± 37 4.52 ± 0.72 
1% 4.58 ± 0.44 652 ± 36 6.34 ± 0.99 
3% 4.06 ± 0.55 606 ± 42 5.7 1 ± 1.37 
5% 3.89 ± 0.34 587 ± 41 5.67 ± 0.58 
10% 3.29 ± 0.12 505 ± 14 7.90 ± 0.48 
15% 1.62 ± 0.60 272 ± 49 9.04 ± 1.34 
As seen from Figure 4.12, at I wt% clay loading, the maximum tensile strength at 
break shows the same value as the unfilled IPNs. Adding more clay, results in a 
gradual reduction of tensile strength. A drastic decrease is found when the clay loading 
is more than 10 wt%. 
The same behaviour is exhibited by the percentage extension to failure at ambient 
temperature. The incorporation of C20A organoclay gradually reduces the elongation, 
whilst adding more than 10 wt% causes a rapid reduction. 
These observations could be attributed to the way in which the matrix was restricted in 
its ability to stretch between the clay galleries and possibly reduced interfacial bonding 
between the polymer matrix and the organoclay particles. 
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clay loading. 
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By contrast, the modulus of elasticity exhibits an increase with increasing clay content. 
At I % clay content, the modulus shows a drastic increase fro m 4.5 1 MPa, observed fo r 
the unfill ed IPN, to a value of 6.34 MPa. 3% and 5% exhibi t a simi lar increase to 
around 5.7 MPa. Further addition of c lay content results in an increase in the elastic 
modulus as seen in Figure 4.12. This is because the sil icate layers are, compared to 
most polymers, much sti ffer and are essenti ally inex tensible materi als. Incorporation of 
fi ller into a po lymer usually provides a composite material of an increased sti ffness 
and reduced strai n to fa ilure relative to the unfi lled sample, i.e. the composite wi ll be 
less ductile or less elastomeric . The extent of this change depends not only on the 
amount of filler, but also on the nature o f the polymer(184) Besides, higher modulus or 
stiffening effects can be provided by the aggregates, or flocculated part ic les, because 
the portion of the matrix that is isolated in the aggregates is less free to react to stress 
than the conti nuous phase under the measured conditions(180) 
Regarding the TEM results, the overall pictures show that the clay layers are not 
occupying the full volume and large regions of the po lymer matrix are visible. At thi s 
scale, conside rable inhomogeneity is apparent. The presence of multiplets is observed, 
indicating all layers are not separated individually upon polymeri sation. Only some 
silicate layers are intercalated. This might be the reason why the mechanical properti es 
have not shown a strong improvement. 
Siddaramaiah et al( 185) synthesised and characteri sed po lyaniline-fill ed PUIPMMA 
interpenetrating polymer networks. They found that the addition o f 2.5% polyaniline 
(P Ani) to PUIPMMA IPN did not affect its original tensile strength . With further 
addition of P Ani , the tensile properties increased with increase in P Ani content. This 
was due to the reinforcing effect of P Ani and the fo rmation o f hydrogen bonding 
between - NH - of PAni with - NHCOO- of PUIPMMA po lymer network. 
Consequently, P Ani-fi lled IPN showed better surface hardness values, while it was 
worse in percent elongation at break than the IPN as P Ani content increased. 
Many sludies(186-188) have found that the properties of nanocomposites were strongly 
related to the ir microstructure. They also showed that the reinforcing effects 
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demonstrated by storage modulus, thermal stability, etc., were directl y related to the 
di spersability of the clay parti cles in the polymer matrix. The di spersion of sodium 
montmorilloni te in natural and epoxidised mbber was exam ined by Mark and co-
workers(187). They showed that the dispersion of silicate clay was an important role in 
its reinfo rci ng effect in the rubber. Zhang et al( 188) a lso reported similar behav iour fo r 
c1ay-polypropylene nanocomposites . 
With clay-polyurethane nanocomposites, Tortora et al( 189) fo und the exfol iat ion 
occurred at low montmorillonite content. As the clay content increased, more 
intercalated nanocomposites was obtained, associated with higher stress and lower 
strain at break. 
Recentl y, a .theoretical study<'90) showed that when the structure changed fro m an 
intercalated to an exfo li ated structure the morphology of the nanocomposites also 
changed, accompanied by a moderate change in modulus rather than an abrupt change. 
There also was a general agreement in the literature that the exfo li ated systems had 
better mechanical properties than those of the intercalated systems, especially in the 
modulus of elasticity of the polymer matrix(l7l) 
In this research, the decrease in the tensile strength at break should be because of the 
silicate agglomerates and the reduced extent of the dispersion ability of the individual 
layered silicates into the IPN matrix. The latter is also a key factor of an improvement 
in the modulus of elasticity, di scussed in the above paragraph. The TEM micrographs 
showed that the intercalated silicate layers spread out with only a rare amount of 
del aminated silicate layers. Therefore, a great improvement in the storage modulus was 
not achieved in the IPN systems studied here. 
4.1.6 Hardness measurements. 
Hardness was detemlined to complete the studies of mechan ical properties. Generall y, 
the hardness of a materi al relates significantly to its modulus of elasticity and 
viscoelastic properties(166) The hardness of the 70PU/30PEMA IPN was also affected 
by the presence or the C20A organoclay as shown in fi gure 4.13. 
104 
Chapter 4 Selection of suitable formulations and conditions 
Shore A hard ness values exhibit a non-linear curve shape. As expected, by adding the 
C20A organoclay, the hardness of 70PU/30PEMA IPN significant ly increases from 
Shore A 60, observed for the IPN, to Shore A 70 at 15 wt% clay content, indicating 
that the IPN nanocomposites are more stiff than the unfi lled IPN. Thus, this behaviour 
is similar to the modulus of elasticity, since, in genera l, the hardness is direct ly related 
to the modu lus of elasticity(165) 
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Figure 4.13 Shore A hardness values of the IPN organoc\ay nanocomposites as a 
function of C20A clay loading. 
4.2 Study of homopolymer PU and PEMA organoclay nanocomposites. 
After having examined the influences of C20A organoclay on the damping properties, 
morphology, thermal and mechanical properties of the 70PU/30PEMA IPN organoclay 
nanocomposites, showing the vari ation of C20A has significantly influenced its 
damping properties, especially, it was worth to determine the effect of C20A 
organoclay on the PU and PEMA homopolymers. Thus, the C20A organoclay was 
incorporated into each of the homopolymers by using an in-situ polymerisation method 
with the various amount of C20A, i.e. 1%, 3%, 5%, 10% and 15% by weight. 
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4.2.1 PU nanocomposites. 
PU-organoclay nanocomposites were prepared by the following general procedure. 
The C20A organoclay was added and homogenously mixed with PPG 1025 in the 
desired proportions with a Silverson L2R mixer, at room temperature. The crosslinker, 
TMP, was added into the mixture and then the mixture was kept under vacuum at 60°C 
for 60 minutes to completely dissolve the solid TMP. After that the mixture was 
allowed to cool down to room temperature in a desiccator. Then, the diisocyanate, 
TMXDI, in the desired amount and the catalyst, SnOct, 0.2 wt%, were added and 
mixed together by a conventional laboratory stirrer at room temperature for 3 minutes. 
After being degassed for 60 seconds under vacuum, in order to remove any air bubbles 
entrapped during the mixing process, the mixture was introduced into a tin mould, 
which had been sprayed with silicone mould release agent. Then, the filled mould was 
left in an air oven for 24 hours at 60°C, 24 hours at SO°C, and finally 24 hours at 90°C 
in order to complete the reaction. 
The morphology of the PU-organoclay nanocomposi te specimens were investigated by 
dynamic mechanical and physical properties, with a number of characterisation 
techniques, i.e., dynamic mechanical thermal analysis, modulated-temperature 
differential scarming calorimetry, and hardness measurements. As shown and 
discussed in the section 4.1 , the W AXD results showed that the polyol molecules 
intercalated into the silicate galleries showing an increased interlayer distance of the 
silicate layers from 2.29 to 3.92 run. The TEM results also revealed partial 
intercalation and only a small amount of exfoliation. Non-unifonn dispersion of the 
silicate layers was observed in the 70PU/30PEMA IPN organoclay nanocomposites. 
Therefore, it can be concluded that intercalated PU-organoclay nanocomposites had 
been synthesised. The other characterisation teclmiques are shown and discussed 
further in the fo llowing sections. 
Dynamic mechanical thermal analysis. 
DMT A was used to examine the influences of organoclay on the dynamic mechanical 
properties of the PU-organoclay nanocomposites. The resulting loss factor, storage 
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modulus and loss modulus spectra of PU-organoclay nanocomposites are illustrated in 
Figures 4.14 to 4 .16. The dynamic mechanical properties are summarised in Table 4.4 . 
The glass transitions obtained from the maximum values of tan delta peaks versus the 
organoclay content plots for PU-organoclay nanocomposites show on ly a single peak 
for all specimens. The pure PU shows a very strong and narrow transi tion at -1 5°C. 
Incorporation of I wt% organoc lay, the transition reveals no change. Further increase 
in the C20A content brings the transition to higher temperature of - 14°C and remains 
at -14°C, even after increasing the C20A up to 10 wt%. However, the tan I) max value 
at Tg gradually decreased as the clay content increased. At 10 wt%, the tan delta max 
value is reduced from 1.21 for the pure PU to 0.96. Nevertheless, the small change of 
on ly one degree temperature certainly is within the experiment error range. Thus, the 
influence of the organoclay, C20A, on the PU transition is qu ite insignificant, while it 
significantl y affects the tan delta max value at the PU Tg. Moreover, temperaUlre range 
at which the peak width of tan 8 ~ 0.3 is evidently broader at the higher clay content. 
The lower loss factor peaks could be due to the restricted mobility of chain segments 
as the clay content increased. 
Table 4.4 Dynamic mechanical properties of the PU-organoclay nanocomposites. 
C20A Tg at tan I) max Tan 8 max value Peak width 
(%w!) (0C) atTg tan 8 ~ 0.3 
(0C) 
unfilled -15 1.21 
-28 B 18 (46) 
1% -1 5 1.12 
-30 B 3 1 (6 1) 
3% -14 1.05 
-28 B 39 (67) 
5% -14 1.04 
-30 B 42 (72) 
10% -14 0.96 
-30 B 62 (92) 
Wang and Pilmavaia(130) synthesised intercalated nanocomposites based on elastomeric 
polyurethanes by using an organo-montmorillonite modified with protonated 
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dodecylamine or octadecylamine. They found that the tan & peak was broadened as the 
nanoparticle content increased, which resulted from the changed motion of polymers at 
the clay-polymer matrix interface. A similar result was obtained by Yao et al. (182), who 
studied polyurethane/Na +- monhnorillonite nanocomposites. 
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Figure 4.14 Loss factor versus temperature plots for the PU-organoclay 
nanocomposites: 0, 1,3,5 and 10 wt% C 20A. 
As shown in Figure 4.15, the storage modulus of the PU polymer slightly increases in 
the g lassy state, whilst a significant decrease of the storage modulus is revealed in the 
rubbery state, as increasing the organoclay content. It also shows that the slope of the 
storage modulus values versus temperature gradually reduces with an increase in the 
loading of layered organoclay, indicating compatibility mixing of PU and organoclay 
particles. The increase of the storage modulus at the glassy state is the typical nature 
for the fi ll ed polymer systems(l9 l,192) A probable explanation for the reduction of the 
storage modulus at the rubbery plateau is a reduced amount of diisocyanate in the 
matrix since some of it may be intercalated in the clay layers, resulting in a lower hard 
segment content in the PU matrix, and consequently, a lesser degree of cross-linking 
between the diisocyanate units in the hard segments, which normally play an important 
role of physical cross- links and acts as a high modulus filler(139,142,193) 
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Figure 4.15 Storage modulus versus temperature plots for the PU-organoclay 
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As can be seen in Figure 4.16, the intr·oduction o f organoclay into a PU matri x, firstl y, 
does not effec t the glass transition of PU and the loss modullrs value at the PU Tg. 
Secondl y, in the glassy stage and also around room temperature, the loss modulus of 
PU nanocomposites increases considerably in comparison with that of the pristine PU, 
indicating the effect of the sti ffer sili cate particles. 
Tien et aLP?4) studied the effect of nano-sized silicate layers on the glass transition, 
dynamic mechanical behaviour and thermal degradation of a segmented polyurethane. 
They found that there was no change in the so ft-segment Tg, compared with that of the 
pure PU, as the amount of swelling agent (organic cation molecules used to replace the 
metal cations in the intergallery of the silicates), modified by trihydroxyl groups, 
increased. Whi le, the hard-segment Tg, increased with the amount of swelling agent. 
They proposed that the hydroxyl groups of the swell ing agent reacted with the 
isocyanate groups of the prepolymer during the synthes is, resulting in a tethering of the 
silicates onto the PU molecules . Moreover, the urethane bonds in the hard segments 
could form hydrogen bonding with the dangling hydroxyl groups on the surface of the 
silicates. Consequently, the dramatic improvement in the storage modulus exhibited at 
3 wt% of swelling agent. With further add ition of the swelling agent, the storage 
modulus decreased because of the poorer dispersion of montmori llonite in these PU 
nanocomposites( r 95). 
Modulated-temperature differential scanning calorimetry. 
M-TDSC was perfo rmed to study the effect of C20A organoclay on the thermal 
behaviour of the PU. Figure 4.17 shows the differential of heat capacity, dCpfdT, of 
the PU versus temperature at increasing silicate loading. It can be seen that the 
presence of organoclays is qui te insigni fi cant to the glass transition temperature in any 
of nanocomposites, showing it almost to be independent of the addition of C20A. This 
may be because M-TDSC can not detect the glass transition temperature of the 
polymer chains which are located near the sil icates. Therefore, the measured glass 
transition temperatures are those belonging to the soft-segments which are far away 
from the silicates and they are the same as that of the bulk polyurethane(I96) On the 
other hand, the dCp/dT value graduall y reduces with increasing C20A. This behaviour 
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might be attributed to the lesser amount of polyol to participate during the glass 
transition, because some polyo l chains are interca lated and were confined strongly 
between the s ilicate layers. Thus, the value of L1Cp decreased because of the 
incorporation of the organoc!ay. An estimated weight fraction , ID, of the polyether 
polyo l chains intercalated in the layered silicates can be calcul ated by a simple 
equation(197) shown below. 
ID = I - L1Cp(polyol in nanocomposites)1 L1Cp(polyo l in PU) (4.1) 
The values of L1Cp for the pure PU and the PU-organoc!ay nanocomposites with clay 
content of 1, 5 and 10 wt% are found to be 0.56, 0.53, 0.50 and 0.44 Jg-10C1, 
respectively. According to the equation (4 .1 ), the ID values are 5, 11 and 21 %. 
Therefore, the po lyether polyo l molecules have interca lated between the silicate layers 
into a systematic ex tent with increasing the organoc!ay content. 
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Figure 4.17 Differential heat capacity verSllS temperature plots showing the effect of 
organoclay content on the PU-organoc!ay nanocomposites. 
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Moon et al(198) reported that there was no significant changes in the glass transition 
and melting temperatures of the polyurethane and pol yurethane/montmorillonite 
nanocomposites, prepared vIa in-situ polymeri sation from highly crystalline 
poly(butylene succinate)/poly(ethylene glycol) polyols and 4, 4'-dicyc lohexylmethane 
dii socyanate. The same result was found by Tien and Wei(I96), who studied PUIMMT 
nanocomposites from poly(tetrameth ylene ether) glyco l, PTMEG, polyol and 4, 4' -
diphenylmethane diisocyanate. 
Tensile behaviour. 
The influences of C20A organoclay on the tensile phenomena of the PU polymer are 
li sted in Table 4.5 . Figure 4.18 illustrates the tensil e properti es: modulus 0 f elasticity, 
tensile strength and elongation at break versus the C20A clay content. 
Table 4.5 Measured values of max imum tensile strength, extenSIOn at break, and 
modulus of elasticity for the PU-organoclay nanocomposites . 
Clay content Tensile strength Extension at break M odulus of elastici ty 
(wt%) (MPa) (%) (MJ'a) 
unfill ed 1.20 ± 0.17 586 ± 130 0.65 ± 0.03 
1% 1.00 ± 0.05 555 ± 29 0.48 ± 0.03 
3% 1. 14 ± 0. 12 689 ± 69 0.48 ± 0.02 
5% 1.02 ± 0.06 1,110 ± 66 0.24 ± 0.04 
10% 1.66 ± 0.43 1,390 ± 227 0.39 ± 0.03 
As seen in Figure 4.18, the tensile strength does not show any significant change when 
C20A clay was added up to 5 wt%. Further increase in the clay content to 10 wt%, the 
tensile strength significantly increases from a va lue of 1.20 MPa, observed for the 
unfilled PU, to a va lue of 1.66 MPa. The extension at break reveals a similar tendency 
as the tensi le strength. The increase in the elongation at break shows at organoclay 
contents greater than 3 wt% C20A. 
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Modulus of elastici ty, on the other hand, decreases sign ificantly with increased C20A 
clay content, until it reaches the lowest point at 5 wt% clay. However, I and 3 wt% 
clay have essentiall y the same modu lus va lues. On further addition of clay, the 
modulus of elasti city rises again. 
The large increase in the elongation at break is probabl y because of the interfac ial 
interaction between the organic modified silicate surface and the PU matrix, where the 
modifying ions contributed to the dangling chain formation in the PU matrix and 
causes a plasticising effect in the polyurethane(J95) Thus, the tensi le strength and the 
elongation at break of PU nanocompos ites increases simultaneously. The decreases in 
the storage modul i, encountered when increasing the content of organophilic layered 
silicates, may be caused by the reduced amount of dii socyanates and polyols in the 
matri x si nce some of them are interca lated in the clay layers, resulting in a lower 
degree of cross- linking between the dii socyanates themselves in the hard segments. 
Consequently, a lower storage modulus va lue results(J99) With further addition of 
organoclay at more than 5 wt%, the storage modulus increases, acting as a 
conventional filled system, since the silicate particles are normally many times more 
rigid than polymers. In addition, an increase in modulus can be obtained by the 
restricted mobility of polymer chains which were trapped in the aggregates. 
Subsequently, they are less free to react to stress than those in the continuous phase. 
Hardness measurements. 
The mechanical properties of the PU nanocomposites were also examined by hardness 
testing. The results are plotted in Figure 4.19. 
As can be seen in Figure 4.19, increasing the C20A clay content results in a gradual 
decrease in hardness from Shore A 20, as measured from the unfill ed, to an 
undetectable value for the 5 wt% clay content. Further increase in the C20A clay 
content up to 10 wt%, increases Shore A to 3. The hardness relates directly to the 
modulus of the material. The same behav iour is also shown by the bending storage 
modulus, E', results, as shown in Figure 4 .1 5. At the hardness measuring temperature, 
22°C± 1°C, the hardness values gradually decrease as the C20A clay content increases 
114 
Chapter 4 Selection of suitable formulations and conditions 
to 5 wt%. For 10 wt% content, the hardness value goes up again. The reduction in 
hardness with clay load ing could be attri buted to the lesser amount of dii socyanate and 
polyol reacted in the polymer matrix, since some of them may be intercalated between 
the clay layers, as mentioned before, resulting in a lower degree of crosslink density. 
Again, as the loading of clay increases to more than 5 wt%, the polymer compos ite 
acts as a conventional polymer composite, showing an increase in the storage modulus 
and hardness values. 
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Figure 4.19 Shore A hardness values of the PU-organoclay nanocomposites as a 
function of c lay loading. 
4.2.2 PEMA nanocomposites. 
PEMA organoclay nanocomposites were prepared by the following general procedure. 
The C20A organoclay, in the desi red amount, was added into the mixture of EMA 
mono mer, TEGDM cross linker and AIBN initiatior. Then the mixture was 
homogenously mixed by a conventional laboratory stin·er at room temperature for 30 
minutes. After degassing in a vacuwn oven at room temperature for 60 seconds to get 
rid of any air bubbles entrapped during mixing process, the fina l mixture was poured 
into a steel mould which had been sprayed with a sili cone release agent and then the 
filled mould was place into an open air oven fo r curing at 60°C, 80°C and 90°C for 24 
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hours per each stage to cure completely. Note that the PEMA nanocomposite samples 
were very difficult to make in large specimens because the initial viscosity was very 
low. Consequently, the fina l mixture poured into the steel mould leaked past the nitrile 
rubber sealing ring. 
The effect of the C20A clay on the PEMA glass transition temperature, damping and 
mechanical properties were characterised by several techniques as follows. 
Wide angle X-ray diffraction. 
The resulting of W AXD patterns for organoclay based PEMA for 0, I and 15 wt% 
C20A are shown in Figure 4.20. 
Again, the X-ray diffraction data were collected from both sides of cast samples to 
verify homogeneous distribution of the organoclay particles. W AXD patterns for both 
sides of C20A organoclay-filled PEMA at I and 15 wt% C20A clay are shown in 
Figure 4.20. Three diffraction peaks are observed in the diffraction patterns of 15 wt% 
C20A clay content, which reveals at 29 angle of 2.32°, (dum), corresponding to an 
interlayer spacing of 3.81 nm and the secondary diffraction, (doo2) , and the third 
diffraction, (dOOl), at 4.65° and 6.94° respectively. The intensity of the bottom 
diffraction peaks is higher than that of the top ones for both the studied specimens, 
indicating that the organoclay particles tend to settle down to the bottom side during 
the polymerisation process. Besides, the intensity difference between the top and 
bottom of the diffraction peaks are systematically decreased with the amount of clay 
loading. As the same phenomena was shown in the 70PU/30PEMA organoclay IPNs, 
only the bottom surface of the cast samples will be used for further discussion. 
The resulting W AXD patterns for C20A organoclay, pure PEMA, and C20A 
organocJay-filled PEMA for I and 15 wt% C20A are also shown in Figure 4.20. No 
diffraction peak was present in the pure PEMA, because it is an amorphous composite. 
Only one diffraction peak is observed in the C20A organoclay at 3.85° corresponding 
to the first diffraction of the interlayer spacing of 2.29 lUll . After in-situ intercalative 
polymerisation with the pure EMA, the diffraction peak has shifted towards lower 
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angle va lue of 2.32° corresponding to the plane (00 I) of the interlayer spacing of 3.81 
nm, which indicates that the PEMA molecules are intercalated between the clay 
nano layers. The higher clay content, 15 wt%, reveals the higher intensity of the basal 
diffraction peak. The polar character of the ethyl methacrylate ester, which contains a 
-CO-O- functional unit, has not showed any significant change on its intercalation 
with the modified silicate, C20A clay, as compared with that of the PU polymer. It is 
clear that the variation of amount of C20A has no effect on the intercalation of PEMA 
into the clay galleri es, indicating tJl at the PEMA molecules do not totall y di sturb the 
layer structure of the silicate crystallites . 
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Figure 4.20 W AXD patterns for pure C20A clay, pure PEMA and the top and bottom 
sides of C20A organoclay-filled PEMA containing I and 15 wt% C20A. 
Fang et al. (200) found a similar result. They synthesised poly(methyl 
methacrylate)/organophilic montmorilloni te, (PMMA)/OMMT, nanocomposites via y-
ray irradiation polymerisation. They found that the nanolayered silicates were orderly 
dispersed in the matrix at 3 wt% OMMT. When the amount ofOMMT increased to 10 
wt%, there was no further di stinct shift of the X-ray diffraction peak, indicating that 
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the amount of the OMMT did not affect the di stance between the sheets of the 
PMMNOMMT. Tabtiang et al(20J ) also reported a similar trend for W AXD results. 
Transmission electron microscopy. 
TEM images of the PEMA nanocomposites containing 15 wt% of C20A clay are 
shown in Figures 4.21 and 4.22. 
The TEM analysis tends to support the findings from W AXD, but also shows that the 
clay is well di spersed at the microscale in thi s system . At low magnification, the TEM 
image shows widely dispersed C20A organoclay throughout the PEMA matrix in large 
and unevenly di spersed primary clay tactoids. While, the highly magnified TEM image 
shows an intercalated tacto id structure. The clay layers are tightly held together. No 
sign of single layers is observed. Therefore, the system presented here only shows 
intercalation. 
Dynamic mechanical thermal analysis. 
DMTA was used to examine the influences of organoclay on the dynamic mechanical 
properties of the PEMA organoclay nanocomposites. Figures 4.23 to 4.26 show the 
resulting loss factor, storage modulus and loss modulus spectra of the PEMA 
organoclay nanocomposites. These dynanlic mechanical properties are summarised in 
Table 4.5. 
Table 4.5 Dynamic mechanical properties of PE MA organocla y nanocomposites. 
% wt Tg at tan 0 max Tan 0 max value Peak width 
C20A (0C) at Tg tan 0 ~ 0.3 
unfilled 100 1.09 67 B 134 (67) 
3% 105 0.99 75 B 137 (62) 
10% 107 0.86 77 B 143 (66) 
15% 109 0.77 82 B 150 (68) 
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Figllre 4.21 TEM micrographs fo r the PEMA organoclay nanocomposites with 15 
wt% C20A clay at 3000 magnification . 
200m 
Figure 4.22 TEM micrographs for the PEMA organoclay nanocomposites with 15 
wt% C20A clay at 200k magnification. 
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The glass transitions obtained from the maximum values of tan delta peaks versus the 
organoclay content plots for PEMA organoclay nanocomposite show only a single 
peak for unfilled and 3 wt%-filled specimens. Adding more C20A clay shows a main 
peak and a shoulder peak. The pure PEMA shows a very strong transition at 100°C. 
IncOllJoration of organoclay gradually shifts the transition up to 109°C at the C20A 
content of 15 wt%, as shown in Figure 4.23 . This is attributed to an increasing number 
of interactions in the interphase between the si li cate and PEMA matrix, as the clay 
loading increased. However, the tan 0 max value at Tg gradually decreased as the clay 
content increased. At 15 wt%, the tan delta max value is lowered from 1.09 for the 
pure PEMA to a value of 0.77. Thus, the influence of the C20A organoclay is quite 
sign ificant on the PEMA transition and the tan delta max value at the PEMA Tg, by 
decreasing the tan 0 max value at the glass transition as the C20A content increased. 
The shoulder, which appeared when the clay loading was added more than 3 wt%, 
could be caused by a portion of the PEMA chains which were constrained between the 
clay ga lleries. This phenomenon is more obvious at the higher clay contents. Again, 
the lower loss factor peaks could be due to the limited mobility of chain segments as 
the clay content increased. 
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Figllre 4.23 Glass transitions for the pure PEMA and the PEMA organoclay 
nanocomposites. 
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Figure 4.24 Loss factor vers lls temperature plots for the PEMA organoclay 
nanocomposites: 0, 3, 10 and 15 wt% C 20A. 
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Figure 4.25 Storage modulus versus temperature plots for the PEMA organoclay 
nanocomposites: 0, 3, 10 and 15 wt% C 20A. 
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The storage and loss moduli graduall y increase as clay loading increased above the 
PEMA transition temperature range in thi s study. Meanwhile, there is no significant 
change below the glass transition range. The increment in those moduli is due to the 
difference in modulus between the polymer matrix and the clay fill er. The polymer 
modulus changes, while that of layered si licates remains rigid throughout the entire 
temperature range. Moreover, thi s might partl y be because when the content of the 
silicate layers increased there are plenti fu l physical crosslinking sites formed, 
strengthening the interaction between the organoclay and PEMA chains. 
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Figure 4_26 Loss modulus versus temperature plots for the PEMA organoclay 
nanocomposites: 0, 3, 10 and 15 wt% C 20A. 
Xie et al(202) studied the influence of a silicone coupling agent on the structure and 
properti es of poly(methyl methacrylate )/montm ori Iloni te, PMMAlMMT, 
nanocomposites prepared by in-situ bulk polymerisation. They found that the 
modi fication o f MMT with the silicone coupling agent did not affect the intercalation 
of the polymer chains, but showed that the di spersion of clay in nanocomposites was 
more ordered than that in nanocomposites with unmodified organophi lic MMT. DSC 
and TGA anal yses showed great improvements in the thermal properties. There was a 
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6-15°C increase in the Tg and a l OO-1 20°C increase in the themlal decomposition 
temperature for the nanocomposites as compared to those of the pure PMMA. 
4.3 Influence of PU/PEMA composition ratio. 
The composition ratio is one of the cnlcial factors that influence the IPNs properti es as 
di sc ll ssed in section 2.1.3. In thi s secti on, three composition ratios of PUlP EM A IPNs, 
50PUl50PEMA, 70PUl30P EMA and 80PUl20PEMA, are reported . Simi lar to the 
70PU/30PEMA IPN nanocomposites, the 50PU/50PEMA and 80PUl20PEMA IPNs, 
were prepared at a PPG 1025ITMP ratio of 3: I , by using an NCO:OH rati o of 1.1 : 1.0 
and 1.2 wt% SnOct in the PU component and 5% TEGDM in the PEMA component. 5 
wt% of C20A organoclay was used in each preparation via the standard procedure 
route, in which the C20A clay, in the desired amollnt, was first mixed with the 
PPG I 025. These materials were investigated via the various characterisation 
techniques in order to examine the effect of composition ratio on the damping and 
mechanical properties of these lPN materials. The results were shown and discussed 
below. 
4.3.1 Dynamic mechanical thermal analysis. 
DMTA was used to investi gate the influence of composition ratio of PU/PEMA on the 
dynamic mechanical properti es of the PUIPEMA IPN organoclay nanocomposites. 
Figures 4.27 to 4 .29 show the resulting bending loss factor, storage modulus and loss 
modulus spectra of these PUlPEMA IPN organoclay nanocomposites. The dynamic 
mechanical properties are summ arised in Table 4.6. 
As can be seen in Figure 4.27, no gross phase separation is observed for all PU/PEMA 
composition ratios, but the loss factors show phase separation to some extent for all the 
specimens. At 50PU/50PEMA, the PEMA Tg is clearly revealed, but the PU Tg is 
appearing as a shoulder. This may partly be explained by a plasticisation effect(203) of 
the layered silicates, which interact with the polyol and diisocyanate molecu les, and, 
consequently, there may be an incompletely formed PU network(204), contai ning 
defects such as loose chain ends. The PU Tg is prominent, whereas the PEMA Tg is 
ambiguo us and very difficult to position at the composi tion ratio of 80PUl20PEMA. 
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However, for the 70PU/30PEMA IPN, the difference in the loss factor va lue at PU and 
PEMA Tg, is not very high, indicating that it has a high level of an interphase 
component, which is formed from a micro-heterogeneous structure caused by phase 
separation. As expected, increasing the PU component ratio, the PU Tg significantly 
increases, subsequently, the tan delta max va lue increases. While, the tan delta max 
value at the PEMA Tg decreased as the PU component increased. The damping of the 
material , which can be implied by the peak width (tan delta value ~ 0.3), shows that 
the 70PUl30PEMA reveals the highest temperature range of 151 °C compared with the 
50PU/50PEMA and 80PUl20PEMA, which exhibit values of 89° and 115°C, 
respectively. Thus, 70PU/30PEMA composition ratio could be a useful high damping 
material in this temperature range. 
Table 4.6 Dynamic mechanical properties of PUIPEMA IPN organoclay 
nanocomposites with various composition ratios and 5 wt% C20A clay. 
Composition ratio Tg at tan cS max Tan cS max value Peak width 
(%PUIPEMA) (OC) atTg tan 8 2! 0.3 
PU PEMA PU PEMA eC) 
50/50 -27 78 0.12 0.9 1 29 +-7 118 (89) 
70/30 -13 82 0.36 0.58 -20 +-7 131 (15 1) 
80120 -10 - 0.52 - -24 +-7 91 (115) 
The storage moduli versus temperature for these PUIPEMA IPN organoclay 
nanocomposites are shown in Figure 4.28. From these data, it appears that the 
PUIPEMA IPN organoclay nanocomposites have a semi-miscible morphology because 
the storage moduli do not show a clear two-step trend, which would be indicative of 
two-phase polymer blends. For the 70PU/30PEMA IPN, the storage modulus 
decreases in an almost linear pattern until it reaches the rubbery plateau, indicating a 
high degree of component mixing in thi s IPN. The 80PU/20PEMA reveals the lowest 
storage modulus around their homopolymer Tg range, as compared with the other two 
composition ratios. Surprisingly, the 70PU/30PEMA exhibits an even lower storage 
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modulus in the rubbery plateau region than SOPU/20PEMA. This is indicative of a 
lower apparent crosslink density in this material. Th is might probably be due to the 
fact that both networks are continuous, and they retarded the comp lete formation of the 
other. However, the 50PU/50PEMA shows the highest storage modulus beyond the 
PEMA Tg, owning to its higher content of the glassy component. Nevertheless, this 
material revea ls a lower degree of mixing, as is seen in Figure 4.2S 
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Figure 4.27 Loss factor versus temperature plots for the PUfPEMA IPN organoclay 
nanocomposites wi th various composition ratios: 50150, 70/30 and S0I20, and 5 wt% 
C20A. 
The loss moduli versus temperature plots confirmed that no gross phase separation 
exists as shown in Figure 4 .29. Only one clear transition is observed for all rPN 
compos ition ratios. However, at 50PUl50PEMA, a broad spectrum with a clear 
shoulder, indicating some degree of phase separation. 
4.3.2 Modulated-temperature differential scanning calorimetry. 
M-TDSC studies were conducted in order to investigate further IPN miscibility and Tg 
behaviour of the PUfPEMA organoclay nanocomposites as the composition ratio 
varied. 
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Figure 4.28 Storage modulus versus temperature plots for the PU/PEMA IPN 
organoclay nanocomposites with various composit ion ratios: 50/50, 70/30 and 80120, 
and 5 wt% C20A. 
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Figure 4.29 Loss modulus versus temperature plots for the PUIPEMA IPN organoclay 
nanocomposites with various composition ratios: 50/50, 70/30 and 80120, and 5 wt% 
C20A. 
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Figure 4.30 Differential heat capacity versus temperature plots showing the effect of 
composition ratio on the PUIPEMA IPN organoclay nanocomposites containing S wt% 
C20A clay. 
The influence of the composition ratios on the PUIPEMA IPN organoclay 
nanocomposites with the addition of S wt% C20A is shown in Figure 4.30. As seen in 
the M-TDSC thenmograms, the PU transitions remain at about the same location for all 
the composition ratios. At the composition ratios of 70PU/30PEMA and 
80PUI20PEMA, the transition spectra are very broad and they are very di fficult to 
assign the clear PEMA Tgs. At SOPU/SOPEMA, the PU and the PEMA transitions are 
well defined at -39°C and 60°C, respectively, indicating a two-phase morphology. 
Also, this composition ratio reveals a high extent of component mixing. Thus, the M-
TDSC measurement is one of the most sensitive to the phase separation. Hourston et 
al(l62) studied the Tg behaviour of PMMAlpoly(styrene-co-acrylonitrile) blends. They 
found that differences in transition temperatures of the constituent polymers as small 
as 10°C could be readily resolved by using the M-TDSC teclmique. 
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4.3.3 Tensile behaviour. 
The effect of composition ratio on tensile propert ies was studied. The tensile strength, 
extension at break, and the modulus of e lasticity were ca lculated from the stress-strain 
measurements. The results are li sted in Tab le 4.7. Figure 4.3 1 illustrates the tensile 
properties: modu lus of elastici ty, tensile strength and elongation at b reak versus the 
composition rati o. 
Table 4.7 Measured values o f maximum tens ile strength, ex tension at break and 
modu lus of elastici ty for the PUIPEMA organoclay nanocomposites with variation of 
composition. 
Composition 
ratio, wt% 
PUIPEMA 
50/50 
70/30 
80120 
Tensile strength Extension at break 
(MPa) (%) 
8.08 ± 0.5 1 133 ± 8 
3.89 ± 0.34 587 ± 41 
4.89 ± 0.33 982 ± 23 
Modulus of elasticity 
(MPa) 
59.59 ± 2.77 
5.67 ± 0.58 
2.90 ± 0. 14 
As seen from the Figure 4 .3 1, the tensile strength and modulus of elasticity decreased 
as the elastomer, PU, component increased. However the 70PU/30PEMA IPN showed 
a slightl y lower value of the tensile strength than that of 80PU/20PEMA. The reverse 
effect is found for elongation at break. 
The tensile strength for 50PU/50PEMA IPN organoclay nanocomposite is 8.1 MPa, 
which shows the highest value when is compared amongst the three composition 
ratios . From DMT A data, it was noted that the PEMA consti tutes predominantly the 
matrix. The decrease to 3.9 MPa fo r the 70PU/30PEMA IPN is around a two-time 
decrease in the tensile strength . At thi s compos ition ratio, the DMTA data had the 
widest range of the tan delta value, indicating the highest extent of mixing. At 
80PUI20PEMA, the tensile strength slightly increases up to 4.9 MPa. However, the 
increment is not very much, when is compared to that of the 70PU/30PEMA. 
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Figure 4.31 Tens ile properties of the PU/PEMA IPN organoclay nanocomposites as a 
function of the composition ratio with 5 wt% C20A clay. 
129 
Chapter 4 Selection of suitabte formulations and conditions 
Modulus of elasticity shows the same trend as the tensile strength. A large decrease in 
the modulus of elasticity can be seen from the 50PU/50PEMA (59.6 MPa) to 
70PU/30PEMA (5.7 MPa). A slight drop of the modulus was found as the PU 
constituent increased to 80% (2.9 MPa). On the other hand, data for extension at break 
shows the opposite trend. Greatly increased elongat ion at break is shown in the Figure 
4.3 1. The extension at break is very low for the 50PU/50PEMA, at a va lue of 133%. 
The va lues rapid ly go up to 587 % and 982% at the composition ratio of 
70PU/30PEMA and 80PUI20PEMA, respectively, which are nearly four times and six 
times greater than that of the 50PU/50PEMA. These findings could be an indication of 
a change in lPN morphology from the PEMA predominant matrix at 50PUl50PEMA 
to the PU predominant matrix at the 80PU/20PEMA composition. 
4.3.4 Hardness measurements. 
Shore A hardness va lues versus lPN composition ratio as percentage of PU component 
are shown in Figure 4.32. 
As was expected, by varying the composition rat io of an elastomer, PU, and the glassy 
polymer, PEMA, regardless of the fact that they included 5 wt% organoclay C20A, big 
changes in mechanical properties were observed. A corresponding pattern was 
revealed from the hardness measurements. As seen in Figure 4.32, a steep decrease in 
hardness is shown from 50PU/50PEMA towards 70PU/30PEMA composition ratio 
with values declining from Shore A 90 to 68. Further increase in the PU component 
shifts the value down to Shore A 50 for 80PU/20PEMA. This evidence supports the 
results from the DMTA and the tensile measurements, which indicates a change in tile 
morphology of the IPN organoclay nanocomposites as the composition ratio was 
changed from the predominant glassy PEMA matrix, at the 50PU/50PEMA, to the 
predominant elas tomer PU matrix, at the 80PU/20PEMA composite. Consequently, the 
properties orthe lPN organoclay nanocomposites changed dramatically. 
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Figure 4.32 Shore A hardness va lues of the PUfPEMA IPN organoclay 
nanocomposites as a functi on of composition ratio and 5 wt% C20A clay. 
4.4 Influence of mixing time. 
Many studies(205,206) have found that one of the mai n issues in preparing good polymer 
matri x nanocomposite samples is a good di spersion of the nanoparticJes in the polymer 
matrix. The in-situ polymeri sation technique, used in this study, is a method in which 
the nanopartic les are di spersed first in monomer and then the mixture is polymeri sed. 
Thus, a mixing time, which allows the nanoparticles to di sperse into the monomer, is a 
first important step in preparing successfull y such nanocomposites. 
In thi s section, a further investigation was undertaken on the 70PU/30PEMA IPN 
organoclay nanocomposite, because, in the previous section, this composition ratio 
showed a micro-heterogeneous morphology and a great potential for dynamic 
damping, including other good mechanical properties. The effect of the mixing time on 
IPN organoclay nanocomposites was examined in an effort to broaden further and 
heighten the tan delta spectra and, consequently, improve the mechanical properties of 
the materia l. 
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C20A organoclay at 5 % by weight was introduced into the po lyo l, PPG 1025, and then 
the mixture was stirred by a conventional laborato ry stirrer at room temperature to 
allow the polyo l to intercalate into the layered s ili cate. The mixing time was varied 
ft'om 30 minutes to 3, 9 and 24 hours. After being mixed, the m ixture was then 
processed further for preparing the 70PV I30PEMA IPN system, which had a 
PPG:TMP ratio of 3: 1, by using an NCO:OH ratio of 1. 1: 1.0 and SnOct catalyst 1.2 
wt% of PU weight in the PU component and at 5 mole% TEGDM cross linker in the 
PEMA component. These materials were inves tigated via the various characterisation 
techniques in order to examine the effect o f the mixing time on the damping and 
mechanica l properties of the IPN materia ls. The resu lts were shown and di scussed as 
below. 
4.4.1 Dynamic mechanical thermal ana lys is . 
DMT A was used to examine the influences of mixing time on the dynamic mechanica l 
properties of the 70PVI30PEMA IPN organoclay nanocomposites. Figures 4 .33 to 4 .35 
show the resulting bending loss factor, storage modulus and loss modu lus spectra of 
the 70PVI30PEMA organoclay nanocomposites . The dynamic mechanical properties 
are summarised in Table 4 .8. 
Table 4.8 Dynamic mechanical properties of the 70PVI30PEMA IPN organoclay 
nanocomposites with 5 wt% C20A at various mixing times. 
Mixing time Tg at tan 0 max Tan 0 max value Peak width 
(hours) (0C) atTg tan 0 ;:: 0.3 
(0C) 
PU PEMA PV PEMA 
0.5 -1 3 82 0.36 0.58 
-20 ~ 131 (151) 
3.0 -15 76 0.34 0.64 
-20 ~ 134 (154) 
9.0 -15 80 0.3 1 0.67 
-
24.0 -IS 73 0.31 0.7 1 
-20 ~ 125 ( 145) 
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Figure 4.33 Loss factor versus temperature plots for the 70PU/30PEM A IPN 
organoclay nanocomposites with various mixing ti me: 0.5, 3, 9 and 24 hours and 5 
wt% C20A clay. 
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Figure 4.34 Storage modulus versus temperature plots for the 70PU/30PEMA IPN 
organoclay nanocomposi tes with various mix ing time: 0.5, 3, 9 and 24 hours and 5 
wt% C20A clay. 
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Figure 4.35 Loss modulus versus temperature plots fo r the 70PU/30PEM A IPN 
organoclay nanocomposites with various mixing time: 0.5, 3, 9 and 24 hours and 5 
wt% C20A clay. 
As can be seen from the Figure 4.33, the PEMA transition appears at 82°C (tan I) max 
0.58) for an ori ginal 30 minute mixing ti me. Further increase in the mixing time brings 
down the transition to lower temperatures, and gives an enhanced damping response at 
the PEMA Tg. However, the decrease of the PEMA transition is not an orderly feature, 
as the mixing time increased. The highest tan delta max value of 0.7 1 is shown at the 
24 hour mixing time. On the other hand, there is a slight decrease in the tan delta max 
value at the PU transitions with increasing the mixing time. Whilst, the PU transition 
s lightly decrease from -1 3°C shown by 30 minute mix ing time to - ISoC for the 3 hour 
mixing time. Us ing even more than 3 hour for the mixing process, the PU Tg does not 
change any further. For 9 and 24 hour mixing times, they exhibit the same tan delta 
max value of 0.3 1. Nevertheless, the peak w idth at tan delta 2': 0.3 shows no significant 
regular changes in the range of the mixing time studied. 
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Again, the reduction in both Tg and tan /} max at PU transition could be because of an 
incomplete PU network formation and lesser amount of polyol molecules involved in 
the polymerisation as some of them are intercalated in layered clay. For the PEMA 
network, some non-reacted monomers/cross linkers might be trapped in clay galleries. 
Consequently, a higher molecular weight between cross links network (a more flexib le 
network) could be formed, yielding a lower Tg and a higher tan (i max. Besides, the 
reduction in the PU and PEMA Tgs, can be attributed (0 a restricted mobility of 
polymer networks with the presence of clay. However, the morphology seems to show 
more phase separation as the mixing time increased. This may be due to higher amount 
of non-reacted constituents of both networks being constrained in the layered clay with 
increasing mixing time. 
There are no obvious changes in shape of the sto rage and loss moduli , when the 
mixing time is changed from 30 minutes to 9 hours, as seen in the Figures 4.34 and 
4.35. They all show a high extent of the micro-heterogeneous morphology, as shown 
by a grad ual decrease in storage modulus, almost a straight line over the range 
observed. 
4.4.2 Modulated-temperature differential scanning calorimetry. 
Figure 4.36 shows the effect of the mixing time on the differential of heat capacity of 
the IPN organoclay nanocomposites at a 5 wt% loading ofC20A. 
The glass transition of PU was detected at -37°C with the differential heat capacity 
value of 0.015 Jlgj°C;oC for the mixing time of 30 minutes. Further increasing the 
mixing time, the position of the PU Tg shows no significant change. Moreover, the 
differential heat capacity still remains the same, showing as the predominant tTansition 
because of the higher PU composition. There is a difficulty to iden ti fy the PEMA 
transition, as the mixing time of 30 minutes. Increasing the mixing time, the PEMA 
transit ion peaks become more obvious at approx imate the same temperature of 56°C. 
These results ind icate that the morphology of the IPN organoclay nanocomposites has 
changed somewhat from a micro-heterogeneous system to show a s lightly greater 
extent of phase separation, which agrees with the results observed from the DMTA. 
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Thus, M-TDSC is sensitive to the glass transition temperature, miscibility and 
molecular mix ing of these polymer blends(159) 
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Figure 436 Differential heat capac ity versus temperature plots showing the effect of 
mixing time on the 70PU/30PEMA IPN organoclay nanocomposites with 5 wt% C20A 
clay. 
4.4.3 Tensile behaviour. 
Tensile properties of the 70PU/30PEMA IPN organoclay nanocomposites made at 
various mixing times were investigated. The influences of mixing time on the tensile 
behaviour of 70PU/30PEMA IPN organoclay nanocomposites are given in Table 4.9. 
Figure 4.3 7 illustrates the tensile properties: modulus of elasticity, tensile stTength and 
elongation at break versus the mixing time. 
As seen in Figure 4.3 7, increas ing the mixing time to di sperse the organoclay, C20A, 
into polyol , PPG1025, produces the clear trends in mechanical properties. The tensile 
strength at break shows a slight increase from 3.9 MPa observed for the mixing time of 
30 minutes to a value of 4.5 MPa at 9 hours of mixing. Further increase in the mixing 
time results in a gradual reduction of the tensile strength. At the mixing time of 24 
hours, the tensile strength reduces to a value of 2.5 MPa. From these trends it can be 
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concluded that the use of a long mixing time causes reinforcement up to a certai n 
critical value (at 9 hour mixing time). Further mixing results in a decrease in the tensile 
strength . This shows that the mixing time is one of the crucial factors in preparing 
these [PN organoc ay nanocomposi tes . The longer line could create a higher degree of 
clay dispersion, consequently, an increasing number of interphase interaction between 
the polymer and the clay particles. At thi s time it is not clear to us why longer mixing 
time cause a reduction. 
Table 4.9 Measured values of maximum tensile strength, exten slon at break and 
modulus of elasticity for the 70PU/30PEMA IPNs with 5 wt% C20A organoclay 
nanocomposites at various mixing times. 
Mixing time Tensile strength Extension at break Mod ulus of elasticity 
(hour) (MPa) (%) (MP a) 
0.5 3.89 ± 0.34 587 ± 41 5.67 ± 0.58 
3.0 4.00 ± 0.18 556 ± 14 I 1.65 ± 0.30 
9.0 4:54 ± 0.32 59 1 ± 27 I 2.47 ± 0.80 
24.0 2.47 ± 0. 15 458 ± 24 I 1.02 ± 0.67 
A simi lar trend was found in the modulus of elasticity. The modulus of elasticity 
increases steadily as the mixing time increased. At 3 hours, the modulus of elasticity 
increases from 5.7 MPa, for 30 minutes of mixing time, to a value of 11.6 MPa. At the 
mixing time of 9 hours, the modulus of elasticity reaches the highest value of 12.5 
MPa. Increasing mixing time further, results in a slight reduction of modulus of 
elasticity. 
The elongation at break shows a marginal change with change of the mixing time from 
30 minutes to 9 hours. However, these fluctuations are actually within the uncertainty 
of the measurement. With further increase in the mixing time, the elongation at break 
significantly decreases from a value of 591 % at 9 hour mixing time to a lower value of 
458% for the mixing time of 24 hours. The reduction in the elongation at break can be 
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Fig llre 4.3 7 Tensile properties of the 70PU/30PEMA IPNs with 5 wt% C20A clay as 
a function of the mixing time. 
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explained by the high ex tent of constrained po lyo l mo lecules and the ir lim ited ability 
to sh·etch between the sili cate ga ll eri es. The restricted mobility of the po lymer chains 
within the clay aggregates is possibly a key factor. 
4.4.4 Hardness measnrements. 
Shore A hardness values versus mixing time are shown in Figure 4 .38 . 
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Figure 4.38 Shore A hardness values of the 70PUl30PEMA IPNs with 5 wt% C20A 
organoclay as a functio n of mixing time. 
The hardness values show no signi licant changes as increase in the mi xing time from 
30 minutes to 9 hours. With further increase in the mixing time, the hardness gradually 
decreases to a Shore A value of 64. 
4.5 Influence of tbe PV catalyst. 
In general , a catalyst is used in PV synthesis to accelerate the reaction rate(207), and a lso 
to control the type of reaction favoured. The formation rate of linear polymer increases 
w ith catalyst content. In the same manner, the catalyst a lso has an influence on 
network formation. Increasing the amount of a catalyst favours the formation of the 
network, whereas decreasing the amount of the catalyst increased formation of the 
linear polymer(208) The result is high tensile strength. Nevertheless, too high a catalyst 
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content will deteriorate the tens ile strength because of a reduction 10 molecular 
weight(208) 
Commercially, the catalysts most widely used in polyurethane processes are tertiary 
amines and organotin compounds. The terti ary amines favour the combinati on reac tion 
of NCO/OH and NCO/H20 . Whereas, the organotin compounds show remarkable 
acti vities, promoting reactions of NCO with OH groups, even when used in small trace 
quantiti es. Amongst the organotin compounds, tin (11) octoate, SnOct, is widely used, 
because of its solubility in the reaction mixtures and the advantage of low vo latility 
and little odour(l39) 
Therefore, in thi s section various SnOct amounts were added into the 70PU/30PEMA 
IPN system whi ch included 5 wt% C20A clay. The in fl uence of the concentration of 
SnOct catalyst on IPN organoclay nanocomposites was then investi gated. The 
70PU/30PEMA IPN organoclay nanocomposites were prepared by fiJ·st mixing 5 wt% 
C20A in the PPGI025, following the ori ginal procedure. The lP N system was 
composed ofa PPG I025ITMP ratio of3 :1 and a NCO:OH ratio of 1.1:1.0, in the PU 
component, and 5% TEGDM in the PEMA component. The catalyst in the desired 
concentration, was added to the PU components, before being combined with the 
PEMA components. These materials were investigated via the various characteri sation 
techniques in order to examine the effect o f catalyst concentration on the damping and 
mechanical properti es of these IPN materi als. The results are shown and discussed 
below. 
4.5.1 Dynamic mechanical thermal analysis. 
Effects of SnOct catalyst concentrations on the dynamic mechanical properties of the 
70PUl30PEMA IPN orgaJlOclay nanocomposites were examined. Figures 4.39 to 4.41 
show the resulting loss factor, storage modulus and loss modulus spectra of PEMA 
organoclay nanocomposites. The dynamic mechanical properti es of them are 
summari sed in Table 4.10. 
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Table 4.10 Dynamic mechanica l properti es of 70PU/30PEM A IPN organoclay 
nanocomposites with various SnOct catalyst concentrations with 5 wt% C20A clay. 
SnOct Tg at tan 0 max. Tan 0 max value Peak width 
concentration (QC ) at Tg tan 0 ~ 0.3 
(wt% ofPU ) PU PEMA PU PEMA (QC ) 
1.2 -1 3 82 0.36 0.5 8 
-20 B 131 (151 ) 
1.6 -13 75 0.36 0.52 
-20 B 119 (1 39) 
1.8 -1 3 76 0.36 0.53 
-20 B 11 7 (137) 
2.0 -1 2 76 0.35 0.50 
-17 B I II (1 28) 
From Figure 4.39, it can be seen that SnOct catal yst has an effect on the damping 
ability of the 70PU/30PEMA IPN, especiall y over the higher temperature range. 
Adding more cata lyst tends to nal1"Ow the tan delta peak around the PE MA transition, 
as well as giving a reduction in the loss fac tor value over the PEMA-rich phase 
transition. Moreover, PEMA transition seems to reduce towards lower temperatures, 
while there was no a significant change in PU transition temperatu re. Also, the peak 
width of tan delta value ~ 0.3 at PEMA glass transition slightl y decreases with 
increasing the catalyst concentration. This can be explained in ternlS of an increased 
rate of PU network fonnation and an increased viscosity of the medium. Therefore, the 
PEMA could exist as smaller domains in the continuous phase of PU, as the amount of 
catalyst increased, consequently, there was more ex tent of micro-heterogeneity, giving 
the lower tan delta max value and the glass transition of the PEMA. More likely, 
perhaps, was because of a higher degree of restri ction of PEMA segmental mobility, 
and an incomplete network fonnation of the PEMA. 
As seen in F igure 4.40, the storage moduli show near super-imposition, and decline in 
an almost linear pattern until they reach the rubbery plateau, indicating a high degree 
of component mixing in these IPNs. Addition of more catalyst results in an increase of 
the storage modulus at the rubbery stage. This is probably because of better fonned 
network . 
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Figure 4.39 Loss factor versus temperature plots for the 70PU/30PEMA lPN with 5 
wt% C20A organoclay at various SnOct cata lyst concentrations. 
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Figure 4.40 Storage modulus versus temperature plots for the 70PU/30PEMA IPN 
with 5 wt% C20A organoclay at various SnOct catalyst concentrations. 
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Figure 4.4] Loss modulus versus temperature plots for the 70PUl30PEMA IPN with 5 
wt% C20A organoclay at various SnOct catalyst concentrations. 
Eva luation of the influence of PU catalyst on the loss modulus, Figure 4.4 1, shows 
again a near super-imposi tion of the linear slopes of the loss modulus values, implying 
a high extent of interphase. 
4.5_2 Modulated-temperature differential scanning calorimetry. 
Figure 4.42 shows the effect of the PU catalyst on the differential of heat capacity of 
the 70PUI30PEMA IPN organoclay nanocomposites at 5 wt% loading of C20A clay. 
The PU glass transition temperature and the differential heat capacity measured by M-
TDSC are summerised in Table 4.11 . 
The M-TDSC technique offered corresponding data to those obtained from DMTA in 
that adding more PU catalyst into 70PUI30PEMA IPN organoclay nanocomposites 
leads to quite similar therrnographs, as seen in Figure 4.42. The PU transition is clear 
with just a shoulder around the PEMA transition, as is characteristic of this IPN 
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system. With more SnOct catalyst, no significant change in glass transition is observed 
for either of the two transitions. 
Table 4.11 M-TDSC data for the 70PU/30PEMA lPN organoclay nanocomposites 
with varying SnOct contents. 
SnOct content PUTg dCp/dT value 
(wt% ofPU) (0C) (J/g-l0C-2) 
1.2 -37 0.015 
1.4 -38 0.017 
1.5 -3 7 0.017 
1.6 -37 0 .0 \ 6 
2.0 -37 0.015 
0.020 
- 0-1.2 
0.015 - "- lA 
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Figure 4.42 Differential heat capacity versus temperature plots showing the effect of 
PU catalyst on the 70PU/30PEMA lPN with 5 wt% C20A organoclay. 
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4.5.3 Tensile behaviour. 
in order to investi gate the effect of PO cata lyst, SnOct, on the mechanical behaviour, 
tensile properti es of the 70PU/30PEMA IPN organoclay nanocomposites with 5 wt% 
C20A clay were investigated . The influences of SnOct on the tensile properties of 
70PU/30PEMA IPN organoclay nanocompos ites are given in Table 4. I 2. Figure 4.43 
illustrates the tensile properti es: modulus o f elasticity, tensile strength and elonga tion 
at break versus the PU catal yst content. 
Tt/ble 4.12 Measured va lues of maximum tensile strength, extension at break and 
modulus of elastici ty for the 70PU/30PEMA IPN organoclay nanocomposites w ith 
various SnOct catalyst at 5 wt% C20A clay. 
SnOct content Tensile strength Extension at break Modulus of elasticity 
(wt% ofPU) (MPa) (%) (MPa) 
1.2 3.89 ± 0.34 587 ± 41 5.67 ± 0.58 
1.4 4 .24 ± 0.32 568 ± 34 11 .27 ± 0.57 
1.5 5.08 ± 0.29 59 1 ± 20 9.64 ± 0.72 
1.6 5.69 ± 0.49 639 ± 30 10.29 ± 0 .26 
1.8 4. 92 ± 0.32 6 17 ± 40 9.54 ± 0.29 
2.0 5.30 ± 0.60 617 ± 6 1 9.53 ± 0.60 
As seen in Figure 4.43, increasing catalyst content, the tensile strength shows an 
increase from 3.89 MPa, observed for a catalyst content of 1.2 wt%, to a value of 5.69 
MPa at 1.6 wt% SnOc!. Further increase in the catalyst content resu lts in a gradual 
reduction of the tensile strength. At 2.0 wt% ofSnOct, the tensile strength reduced to a 
va lue of 5.30 MPa. It can be seen that the presence of the SnOct catalyst causes 
reinforcement up to a certain criti cal value. This was a result of an increase in a better 
form ed PU network as increasing the catalyst content. Too high catalyst concentration 
led to a higher in the PO average molecular weight between crosslinks, consequentl y 
the decrease in the tensi le strength was observed. 
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Figllre 4.43 Tensile properties of the PUIPEMA IPN organoclay nanocomposites as a 
function of the catalyst content and 5 wt% C20A clay. 
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The modulus of elasticity reveals a similar trend as found in the tensi le strength, even 
if it shows some scatter. The modulus of elasticity increases steepl y from a va lue of 
5.67 MPa at 1.2 wt% to a va lue of 11 .27 MPa at 1.4 wt%. With further catalyst 
addition to 1.6 wt%, the modulus of elasti city decreases to a value of 9.64 MPa at 1.5 
wt% ancl then, increases towards a value of 10.29 MPa. However, these va lues 
fluctuate approximately in an instrument error range. The modulus of elasti city fin all y 
drops to a value of 9.53 MPa when the catalyst content is 2.0 wt%. 
The extension at break over the whole studied range is within an experiment error. 
Thus there is no sign ificant trend. 
4.5.4 Hardness measurements. 
The mechanical behaviour was further invest igated via Shore A hardness 
measurements in order to corroborate the findings from the tensile testing. 
A plot of Shore A hardness against SnOct catalyst content is shown in Figure 4.44. No 
signi li cant trend is shown for the hardness measurements for thi s system. 
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Figure 4.44 Shore A hardness values of the 70PUl30PEMA IPN organoclay 
nanocomposites as a function of SnOct catalyst at 5 wt% C20A clay. 
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CHAPTERS 
OPTIMISATION OF SYNTHESIS PROCEDURES 
Po lymer layered silicate nanocomposites have received a considerable amollnt of 
attention because they o ften ex hibit improved mechanical, thenl1al and fl ammabili ty 
propertiesI1 5,25,129,I J6,209,2 10) Their behav iour is different from conventional compos ite 
materi als with a microsca le structure because o f the small size o f the structura l units 
and their high aspect ratio(2 11 ) The properti es of nanocomposites are greatly influenced 
by the degree of mixing between the polymer matrix and the nanoparticles(2 12) Many 
methods have been deve loped to prepare polymer clay nanocompos ites such as direct 
melt blending and in-situ, emulsion or so lution polymerisat ion(46,213) These methods 
attempt to prepare true nanocomposites(16) in which the sil icate layers are uni formly 
and individuall y di spersed in the polymer matri x, creating a three-d imensional netwo rk 
of inter-connected long sili cate layers, the so call ed exfo liated or delaminated 
nanocomposites. Most research results(20.124,214) showed that the achievement of 
completely exfoliated clay nanocomposites yielded remarkable isotropic properti es, 
because the high aspect ratio and surface area o f the di spersed si li cate parti cles are 
full y utilised . 
Results shown in chapter 4 revea led onl y parti al interca lati on wi th a few exfo li ated 
silicate layers poorl y dispersed in all cases. Consequently, limited improvement in 
damping and mechanica l properties resulted. Therefore, synthesis ro utes had to be 
des igned to achieve complete ex foli ati on or at least a high ex tent o f exfo li ation within 
full y intercalated systems. This sho uld show a great improvement in rPN properti es, 
especiall y in damping behaviour. 
In this chapter, there were two sections. The first section is focused on the variation of 
the syn thesis procedure by changing the clay dispersion and the rPN component 
preparati on steps, as shown in section 3.2.2. Use of ultrasonic radi at ion to aid 
organoclay dispers ion is investigated in the second section. 
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S.l Variation of synthesis procedure. 
In thi s study, the 70PU/30PEMA IPN organoclay nanocomposites, which had a 
PPG:TMP ratio of3: 1 and I.Z wt% SnOct in PU component, and 5 mole% TEGDM in 
PEMA component, were prepared by in-situ polymeri sation, using di fferent 
procedures as explained in section 3.Z.Z. 
In the original synthesis procedure, PO, organoclay was first added and completely 
mixed with the polyol , PPG 1 OZ5, after that the mixture was combined with 
crossli nker, T MP. Then, diisocyanate, TMXDI, and catalyst, SnOct, were added into 
PU component before being combined with PEMA component. For synthesis 
proced ure one, PI , PPGIOZ5 and TMP was completely mixed fi rst. Then the 
organoclay was incorporated. After that TMXD I and SnOct were added to the PV 
component. Finall y, the PV and PEMA components were combined together. In 
synthesis procedure two, PZ, the first step was the same as in P I by mixing PPG I 025 
with TMP . Then the organoclay and TMXDI were introduced and mixed. After that 
SnOct was added into the mixture and then the PU component was combined with 
PEMA components. In synthes is procedure three, P3, organoclay was first added into 
the PEMA components. The organoclay was mixed with EMA and the cross linker, 
TEGDM, and then ini tiator, AIBN, was fi nall y added into the mixture before the final 
mixture was combined with the PU component. In syn thes is proced ure four, P4, 
organoclay was mixed with both network components, except SnOct and AIBN, which 
were added into the final mixture before casting. 
However, because of the settl ement of the organoclay reported during polynleri sation 
in the previous chapter, the fill ed mould was turned over every 30 minutes for the first 
four hours of curing. After that it was turned over every one hour for another 3 hours 
to diminish ex tent of any clay settlement. The mixing time used to di sperse the 
organoclay into the polymer constituents was 30 minutes in all cases and 5 wt% C20A 
organoclay was added in all specimens in this study. The influences of the various 
synthes is procedures on the glass transi ti on behav iour, morphology, damping and 
mechanical properties of IPN organoclay nanocomposites were examined by several 
characteri sation techniques. 
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5.1.1 Wide angle X-ray diffr action. 
[n general, the structure of nanocomposites has typically been established uSing 
W AXD analysis(15. 16.2 15.217) By mon itoring the posi tion, shape and intensity of the 
basa l diffractions from the di stributed si li cate layers, the nanocomposite structure can 
be identifi ed. However, it can only express little about the spatia l di stribution of the 
sili cate layers or an y structural non-homogeneities in nanocomposites. Thus, care must 
be taken in the interpretation of the nanocomposite structure, i.e. interca lated or 
ex foliated system, when W AXD data alone are used. 
Once again, both sides of the specimens were characteri sed by W AXD to examine 
di spersion uniformity of silicate layers in the polymer matrix. W AXD data for both 
sides o f C20A organoclay-fi lled 70PU/30PEMA IPNs for original procedure, PO, is 
shown in Figure 5.1 Three diffraction peaks are revealed for both sides o f PO 
SpeC 1l11en, at the same 28 angles o f 2.30, 4.60 and 6.92, which correspond to a 
harmonic seri es of the 001 , 002 and 003 planes, respectively. The basal spac ing, doo l, 
is 3.84 nm, in thi s case, indicating that po lymer chains have intercalated into the 
layered silicate to some extent, as compared with the interlayer spacing of the C20A 
organoc lay, which has a value of 2.29 nm . However, the intensity of the bottom side is 
stronger than that of the top side, implying that the C20A organoclay still graduall y 
settled to the bottom side. Thi s might conclude that a turning interval time of 30 
minutes was too infrequent to prevent the settlement of clay. Nevertheless, the 
settlement was retarded to some ex tent. For a ll further investi gations, onl y the bottom 
side of the specimens will be examined. 
Figure 5.2 shows a comparison of the diffraction patterns of the origina l procedure, PO, 
synthesis procedure one, PI , synthesis procedure two, P2, synthesis procedure three, 
P3, and synthesis procedure four, P4. All of the specimens prepared by these various 
synthesis procedures show the same diffraction profiles. They revea l three diffrac tion 
peaks of an interlayer spacing, dOOl, of 3.84 nm, increasing from a doo l value of 2.29 
nm, for the C20A organoclay. This shows a strong ly intercalated characteri stic. The 
high intensity peaks imply that polymer molecules do not totally interrupt the layer 
structure o f the silicate crystals. Even though, the organoclay was first mixed with 
PEMA components before the mixture was then mixed with PU components, or the 
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organoclay was mixed with both components, the results do not show any signi ficant 
change in the position of the diffraction peaks. This may indicate that the swelling 
abil ity of the PU and PEMA components into the layered silicates are very similar. 
These results correspond to the results of the incorporation of the C20A organoc lay 
into homopolymers, PU and PEMA, as investigated in sections 4.2. 1 and 4.2.2, where 
they revealed an approximately equal interlayer spacing for filled-PU and fill ed-
PEMA. 
5.1.2 Transmission electron microscopy. 
W AXD generall y describes relat ionship between clay layers in the polymer matrix, but 
does not portray the degree of di spersion of the clay to that matrix(21 8) TEM allows the 
degree of di spersal of the clay through direct visualisation(219) However, TEM is time-
consuming, and onl y gives qualitati ve information on a very tin y sample of the 
whole(218) For a better contrast, the samples were stained with ruthenium tetroxide, 
RU04, because it is more reacti ve than OS0 4 which is known(92) to stain the PU 
preferentially. 
TEM images of the unfilled IPN and the filled IPNs prepared by synthesis procedures 
PO, PI, P2, P3 and P4 are presented in Figures 5.3 to 5.8, respect ively. 
For the 70PU/30PEMA IPN and all the 70PU/30PEMA IP N organoc lay 
nanocomposites, no gross phase separation was observed by TEM, as can be seen in 
Figures 5.3 to 5.8. The phase domains are not that well-de fined , wh ich indicates some 
extent of mixing. The unfill ed IPN shows fine morphology with light, interconnected 
domains of PEMA in a dark, dominant PU matrix. At a higher magnification of 30 k, 
bes ides, the dark PU matrix and the light, interconnected PEMA domains of 25-300 
nn1 stretching through the PU matri x, the TEM micrograph reveals a high extent of 
interphase which can be seen by the different shades of grey, indicating that the 
composit ion is changing only gradually, whereas in immiscibleIPNs(I), clear-cut 
interfaces were observed. Incorporation of the organoclay, the majority of the layered 
silicate is not dispersed on an individual level. Agglomerates of the silicate layers, so 
ca ll ed tacto ids, in the IPN matrix could be seen. The size of these tactoids was in the 
order of 1-3 flm. Therefore, further studies of the influence of the various synthesis 
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Figure 5.3 TEM micrographs of (he unfi lled 70PUl30PEMA lPN. (a) At IOk 
magnification. (b) At 30k magnification . 
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Figure 5.4 TEM micrographs of the 70PU/JOPEMA IPN with 5 wt% C20A 
O<"ganoclay made by the original synthesis procedure, PO. (a) At IOk magnification. (b) 
At JOk magni fi cation. 
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500nm 
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Figure 5.5 rEM micrographs of the 70PU/30PEMA IPN wi th 5 wt% C20A 
organoc lay made by synthesis procedure one, P I. (a) At [Ok magnification. (b) At 30k 
magnification. 
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500 om 
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Figure 5.6 TEM micrographs of the 70PU/30PEMA IPN with 5 wt% C20A 
organoclay made by synthesis procedure two, P2. (a) At IOk magnification. (b) At 30k 
magni fi calion. 
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(b) 
Figure 5. 7 TEM micrographs of the 70PU/30PEMA IPN with 5 wt% C20A 
organoclay made by synthes is procedure three, P3. (a) At IOk magnification. (b) At 
30k magni fi cation . 
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500nm 
(a) -
Figllre 5.8 TEM micrographs of the 70PU/30PEMA IPN with 5 wt% C20A 
organoclay made by synthesis procedure four, P4. Ca) At IOk magnification. Cb) Al 30k 
magnifi cation. 
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proeedtlres on the rPN organoelay nanocomposites will focus only on the morphology 
changes of the polymer matrix. 
Adding the organoclay by the original procedure, PO, the TEM images reveal a 
significant change in the IPN morphology. The obvious two-phase morphology 
represented by the light, interconnected PEMA domains is bigger and more di stinct in 
the dark PU matri x. A number of different shades of grey in the continuous PU matrix 
are present. Since, the phase boundari es are not clear, thi s material st ill reveals some 
extent of molecular mixing. 
In synthesis procedure one, PI , the interconnected, light domains of P EMA become 
bigger and more interconnected as compared to those of the original procedure. Their 
domains are surrounded by the PU conti nuous matrix, which forms a cellular structure, 
showing the light soft segmen ts are surrounded by the dark hard segments. This 
implies that t11e PU matrix became more phase segregated. However, many different 
shades of grey are still revealed. Thus, IP N morphology still ex hibit s the molecular 
mixing between the two components. 
For the synthesis procedure two, P2, the IPN morphology shows that the 
interconnected, light PEMA domains become bigger and more interconnected as 
compared with those of synthesis procedure one. The PEMA domains are surrounded 
by the cellular PU matrix, which f01111S a continuous phase, become bigger also. 
Therefore, the PEMA tends to exhibit a more predominant phase in thi s IPN. 
Incorporation of organoclay by synthesis procedure three, P3, shows a very similar 
pattel11 to those of the original synthes is procedure. No cellular structure is revealed. 
The interconnected, light PEMA domains of 50-200 nm stretch through the PU matrix, 
which is composed of a number of different shades of grey. Therefo re, a high extent of 
component mix ing still ex ists. 
In synthesis procedure four, P4, again, a cellular structure was observed. Thus, the IPN 
morphology is similar to those of the synthesis procedures one and two. The 
interconnected, light PEMA domains are 100-300 nnl wide in the PU continuous 
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phase. Nevel1heless, it still shows a number of di fferent shades of grey, implying some 
ex ten t of molecular mixing. 
5. 1.3 Dynamic mechanical thermal analysis. 
DMTA can be used to study the morphology and reveal ev idence fo r such misc ibility 
and phase continuity of a po lymer blend as has been explained in section 3.3.3. The 
influence o f the va rious syn thes is proced ures on these 70PUl30PEMA IPN organoclay 
nanocompos ites are shown in Figures 5.9 to 5. 11 . The dynamic mechanical properties 
are also summarised in Table 5. 1. 
For all synthesis procedures, only a single PEMA transition with a less developed PU 
transition (shoulder) was observed in these 70PU/30PEMA IPN organoclay 
nanocomposites as can be seen in Figure 5.9. This imp lies that they exhibit some 
degree of phase separation. When the organoclay was mixed first wi th PPG I 025, 
synthes is proced ure PO, a shoulder PU transition appears at - 14°C with a tan delta max 
va lue of 0.3 1, whereas an obvious PEMA transition is observed at 75°C with a tan 
delta max value of 0.64. The PU shoulder occurring in PO might be due to an 
incomplete network, as the polyo l, PPG 1025, molecules have interca lated into the 
silicate layers. T hus, there are fewer PU consti tuents in the matrix to interpenet rate 
with the PEMA component, and, consequently, a predominant PEMA transition can be 
observed. 
Table 5.1 Dynamic mechanical properties of the 70PU/30PEMA IPN organoc\ay 
nanocomposites made by the various synthesis procedures . 
Synthesis procedure Tg at tan 8 max Tan I) max value Peak width 
(QC) atTg tan 82:0.3 
PU PEMA PU PEMA (QC) 
PO -1 4 75 0.31 0.64 
-1 9 B 11 9 ( 138) 
PI -1 5 75 0.27 0.70 
-3 B 118 ( 12 1) 
P2 -1 6 71 0.30 0.74 
-1 9 B 116( 135) 
P3 -14 79 0.32 0.57 
-1 9 B 11 9 ( 138) 
P4 - 15 77 0.33 0.68 
-19B 126 ( 145) 
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Figl/re 5.9 Loss factor versus temperature plots for the 70PU/30PEMA IPN 
organoclay nanocomposites made by the various synthes is procedures. 
As shown in Table 5.1 , when the organoclay was first mixed with a mixture of 
PPG I 025 and TMP, synthesis procedure PI , the PU transition shows roughl y at the 
same location (- 15°C) and a signi fi cant decrease in tan delta max value from 0.3 1 to 
0.27, as compared to those of PO. While th e PEMA Tg occurs at the same temperature, 
75°C, but with an increase in tan delta max val ue from 0.64 to 0.70. This significant 
reduction of the peak height of the PU transition could be due to more confined PU 
chains in between the silicate layers, because both polyo l, PPG 1025, and tria l, TMP, 
could intercalate into the s ilicate layers at the same time, but might not at the same 
rate. This leads to a reduced amount of the PU component left to interpenetrate with 
the PE MA component. Hence, the tan delta profile showed more pronou nced phase 
separation. 
The organoclay was first mixed with a mixture of PPGl025, TMP and TMXDI in 
synthesis procedure two, P2. A shoulder PU transi ti on shows a s light decrease from a 
value of - 14°C to _16°C with the same tan delta max value, whi le a s ignificant 
reduction in glass transition from 75°C to 71°C and a significant increase in tan delta 
max from a value of 0.64 to 0.74 at the PEMA transition are observed, as compared to 
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those of PO. Tllis IPN seems likely to show the least extent of component mI xing. 
Because TMXD[ was also incorporated with the organoclay in concurrence with 
polyol and triol, so the soft and hard segments can establish within the silicate 
galleri es, even though, they might not be completely fonned. Thus, more PU segments 
may be constrained between the silica te layers. This part may not cooperate in a glass 
transition within the measured range. Therefo re, the lower glass transition was 
observed. For the PEMA, the reduction in the glass transition and increase in tan 0 max 
could be because the first fonned PU network might hinder the PEMA fonning. 
Consequently, a looser PEMA network could be fonned . However, the morphology 
seems most likely to show more phase separation in thi s synthesis procedure. This may 
probably be because of the reduced amount of the PU component left to interpenetrate 
with the PEMA component. Therefore, this IPN showed the predominant PEMA 
transition. 
[n synthesis procedure three, P3, the organoclay was first added into a mixture of 
monomer, EMA, and cross linker, TEGDM. Its tan delta profile shows evidence of a 
higher component mixing as compared to that of PO. The tan delta max value at PEMA 
transition decreases from 0.64, observed for PO, to a value of 0.57, while the glass 
transition significantly shifted from a va lue of 7SOC, exhibited for PO, to a value of 
79°C. On the other hand, no crucial changes are observed at the PU transition. The PU 
transition with a tan delta max value of 0.32 was at -14°C. This might prove that the 
PU component could intercalate into the sili cate layers faster than the PEMA 
component. The increase in the PEMA transition could be attributed to a higher 
interaction at the interface between the silicate and PEMA component, as found before 
in section 4.2.2. Consequently, a restriction of the mobility of the PEMA network 
wou ld ex ist, causing the reduction in the tan delta max value at the PEMA transition. 
Therefore, this IPN should be composed of smaller phase domains of PU and PEMA, 
showing more compatibil ity of component mixture and an increase in the interface 
component mixing as was found from the TEM micrographs. 
[n the synthesis procedure four, P4, all the components were mixed first with the 
organoclay, except the PU cata lyst, SnOct, and the initiator, AIBN, of the PE MA 
component. A PU transition was revea led roughly at the sanle position (-15°C) and the 
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same tan delta max value of 0.33, as compared to po. Whilst, the PEMA transition 
shows a s light increase from a va lue of 75°C to a value of 77°C with an increase in the 
tan delta max va lue from a value of 0.64 to a va lue of 0.68. These resuhs can support 
an explanation that the PU component can interca late into the layered silicates faster 
than the PEMA component. Thus, the PU network can establi sh within and outside the 
si licate galleries. Consequentl y, thi s leads to a decreased amount of the PU component 
left to interpenetrate with the PEMA component. Also, the PEMA component might be 
trapped by the first formed PU network resu lting in an incomplete network, showing 
the higher tan delta max value. Therefore, this IPN showed the predom inant PEMA 
transition. 
However, these spec imens are potentiall y useful for damping app lications since the tan 
delta val ues are greater than 0.3 over wide range of temperatures: 138°C, 12 1°C, 
135°C, 138°C and 145°C, for the IPN organoclay nanocompos ites via synthes is 
procedure PO, PI , P2, P3 and P4, respecti vely. 
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Figure 5.10 Storage modulus vers us tempera ture plots for tIle 70PVl30PEMA IPN 
organoclay nanocomposites made by the various synthesis procedures. 
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The storage and loss moduli for all synthesis procedures show a two-step drop through 
the temperature range studied, as seen in Figures 5. \0 and 5. 11 . This confi l1l1s that 
some extent of phase separation has occul1·ed. The storage modul i in the glassy state do 
not exhibit much difference with synthesis procedure. Whi le at temperatures beyond 
room temperature up to the rubbery plateau, the storage modulus of synthesis 
procedure two, P2, reveals the lowest value and the synthesis procedure three, P3 , 
shows the highest value. These could be explained by using concept of component 
mixing. From the tan delta profile, P2 showed a higher degree of phase separation than 
did P3. Therefore, P2 has a reduced phase continuity morphology, and consequently 
decreases in storage modulus. 
The loss moduli versus temperature plots in Figure 5. 11 show the same findings as for 
the tan delta profiles. No signifi cant effect on the PU transition is observed for 
changing of the synthesis procedure. The loss moduli above room temperature re fl ect 
the trends of the storage moduli as shown in Figure 5. 10. P2 exhibits the lowest value 
of the loss modulus, while the highest va lue is presented by P3. 
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Figure 5.11 Loss modulus versus temperature plots for the 70PUl3 0PEMA IPN 
organoclay nanocomposites made by the vari ous synthesis procedures. 
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5.1.4 Modulated-temperature differential scanning calorimetry. 
The effect of vari ation of synthesis procedures on the glass transition temperatures o f 
the 70PU/30PEMA IPN organoclay nanocomposi tes measured by M-TDSC is 
presented in Figure 5. 12. 
From the M-TOSC thermograms for all specimens, a prominent dCp/dT peak with a 
very broacl dCp/dT shoulcler for the PU and PEMA-ri ch phase transitions are obse rved 
for each specimen, suggesting microphase separati on in these systems. However, there 
ex ists some extent o f molecular mix ing as indicated by the fact that the dCp/dT signal 
is sign ificant over the inter-transit ion region. Because of the very broad shoulder, it is 
very hard to ass ign the Tg of the PEMA-rich phase. 
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Figure 5.12 Differenti al heat capacity versus temperature plots showing the effect of 
variati on of synthesis procedures on the 70P Ul30PEMA IPN organoclay 
nanocompos i tes. 
As the synthesis procedure was changed, no s ignj ficant changes are observed in these 
thennograms. The PU-rich phase transition is at -38°C fo r the synthes is procedures PO, 
PI , P3 and P4, but for the synthesis procedure P2, it shows slightl y lower at -40°C. The 
di ffe renti a l heat capacity values show no meaningful di fference either at the PU or 
PEMA-rich phase transitions. The lower P U-rich phase transition in the P2 materi al 
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could be caused by incomplete PU network fomlation which might occur when polyol 
and isocyanate molecules were constrained between the sil icate layers. Consequently, 
a more fl exib le PU network could be formed. 
5.1.5 Tensile behaviour. 
In order to study the effect of changing the synthesis procedure, the tens ile properti es 
of the 70PUl30PEMA IPN organoc\ay nanocomposites were evaluated. The tensile 
strength, ex tension at break, and the modulus of elasti city were calculated from the 
stress-strain measurements. The results are listed in Table 5.2. Figu re 5.13 illustrates 
the tensile properties: modulus of elasticity, tensile strength and elongation at break for 
each synthesis procedure. 
Table 5.2 Measured va lues of max imum tens ile strength , ex tension at break and 
modulus of elasticity for the PUlPEMA organoclay nanocomposites with vari ation of 
the synthesis procedure. 
Synthesis Tensile stTength Extension at break M odulus of elasticity 
procedure (MPa) (%) (MPa) 
PO 4.37 ± 0.45 506 ± 61 I 8.88 ± 1.30 
PI 2.84 ± 0. 11 392 ± 24 I 7.86 ± 0.94 
P2 1.96 ± 0.28 38 1 ± 48 I 5.47 ± 1.23 
P3 5.28 ± 0.3 1 516 ± 27 1 8.35 ± 2. 87 
P4 2. 76 ± 0.2 1 471 ± 42 I 0.60 ± 2.08 
In the ori ginal synthesis procedure, PO, where the organoclay was first mi xed with 
PPG I 025, the tensile strength, extension at break and the modulus of elasti city have 
values of 4.37 MPa, 506 %, and 18.88 MPa, respectively. When the order of mixing 
changed to mix PPG 1 025 and TMP fi rst, synthesis procedure PI , a drastic reduction in 
the tensil e strength and the extension at break and a slight decrease in the modulus o f 
elasti city are seen. See in Figure 5.13. 
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The tensi le strength, the extension at break and the modulus of elasticity for PI are 
2.84 MPa, 392 % and 17.86 MPa, respectively. The reduction in the tensi le strength 
and the elongation at break might be caused by a restricted ability of polymer chai ns to 
stretch and possibly a reduced extent of segment mixing between the PU and PEMA 
networks. 
Ln synthes is procedure P2, all PU constituents were mixed first with the organoclay, 
except for the SnOct cata lys t. The tens ile strength and elongation at break severely 
decrease to the lowest values of 1.96 MPa and 38 1 %, respect ively. Besides, the 
modulus of elasticity also slightly reduces to a value of 15.47 MPa. These results may 
be explained by the same reasons as stated above. Consequentl y, a reduction in the 
interfacial bonding between the PU and PEMA phases and the layered si licate and the 
polynler matri x might have occurred. 
A s light improvement in the tensile properties, especially the tensile strength and the 
elongation at break, as compared with the ori ginal procedure, was found by the 
syn thesis procedure three, P3. The tensile strength, the elongation at break and the 
modulus of elasti city have values o f 5.28 MPa, 516 % and 18.35 MPa, respectivel y. 
The organoclay was first mixed in the PEMA constituents in this procedure, except for 
Ule injtiator, AlBN. Even when the organoclay was mixed with the EMA and 
TEGDM, prior to combination wi th the PU components, the PEMA-rich phase still 
showed a dominant transition. [t might be presumed that the PEMA components could 
not interca late as well into the si licate layers as could the PU components. However, 
both phases seemed to exhibit a degree of continuity as shown in the DMT A results. 
These findings support the TEM results. This IP N probably presents the finest 
morphology in the whole series. Therefore, it shows the higher extent of mixing, 
subsequently, higher interfacia l interactions between the polymer matrix itself and the 
polymer matrix and the silicate layers can be expected. These reasons could expla in 
why the tensile strength increased. However, the modulus of elasticity does not show a 
signifi cant difference. On the other hand, the slight increase in the extension at break 
might be due to the PU chains being able to align and the looser network only breaks 
at higher e longations. 
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As compared to the original procedure, PO, a great decrease in the tensil e strength, the 
elongation at break and the modulus of elast icity were fo und fo r synthesis procedure 
fou r, P4. Especiall y, the modulus of elastici ty shows the lowest va lue amongst the 
who le seri es, as can be seen in Figure 5. 13. The tensil e strength, the elongation at 
break and the modulus of elast icity are 2.76 MPa, 471 % and 10.60 MPa, respective ly. 
In thi s procedure, the PU compone nt and the PEMA component we re mixed with the 
organoc lay at the same time, excep t for the PU catalyst, SnOct, and the PEMA 
ini tiator, AIBN, which were added into the mixtu re before moulding. As the po lyo l, 
triol and diisocyanate were fi rst mixed together w ith the organoclay and because of 
high reacti vi ty of di isocayanate and hydroxyl gro ups, the PU network was the first 
polymer fo rmed within and outside the silicate layers. Later on, during the last part of 
the polymerisation reaction, when the PU constituents were depleted in concentration, 
some part of the PEMA- ri ch phase was also constrained in the c lay because the EMA 
mono mer also could intercalate into the clay ga ll eri es. Therefore, the extent of 
interpenetrati onJi nterlocking of these heterogeneous phases might be reduced. 
Conseq uently, a reduction of interfac ial reaction became possible . These reasons 
brought abo ut a reduction in the tensi le strength, the extension at break and the 
modulus of elasticity. 
5.1.6 Hardness measurements. 
Shore A hardness of the materials was eva luated . The indentation hardness, refl ecting 
the resistance to local deformati on, is a complex property related to the modulus, 
strength , elasticity and plasticitl 54). The Shore A hardness of the 70PU/30PEM A lPN 
organoclay nanocomposites versus synthes is procedure is illustrated in Figure 5.14. 
The result presented here can be classified in to two groups. The first group consists of 
PO, P I and P3, which show approxim ately the same hardness value at Shore A 69. 
Another group, P2 and P4, reveals the hardness value around Shore A 63. The possible 
reason fo r the lower hardness va lues for specimens prepared by the P2 and P4 
synthesis routes, might be because the dii socyanate was first mixed wi th the 
organoclay. Consequentl y, the degree cross linking of hard segment in the PU matrix 
may be reduced, owning to interca lated d ii socyanate. Therefore, lower mod ulus and 
tensile strength should be occurred to the fini shing spec imens. 
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Figure 5.14 Shore A hardness values of the 70PU/30PEMA (5 wt% C20A) IPN 
organoclay nanocomposites as a function of synthesis procedure. 
5.2 Use of ultrasonication. 
Nanocomposites have received considerable attention with the expectation that 
nanotechnology can lead to lighter and better materials for engineering applications. 
They achieve their property improvements from interactions at the molecular scale 
between clay platelets and the polymer matrix. Therefore, exfoliated structures are 
often preferable. Fabricating nanocomposites where clay platelets are unifomlly 
dispersed within a polymer matrix poses signi ficant synthetic and processing 
challenges. Of great present interest is the possibility to control the morphology 
development of IPN organoclay nanocomposites by influencing the processing 
parameters. 
Many researchers(45,220) have lIsed an ultrasonication method for dispersing layered 
silicate clays into a polymer matrix. They found that composites prepared by 
ultrasonication showed a better dispersion, and, consequently, better mechanical 
properties. Thus, in thi s study, after a step where the organoclay was mixed with the 
polymer constituents, (for example, the organoclay was mixed with polyo l for the PI 
synthesis procedure or with polyol and triol for the P2 synthesis procedure etc., see 
their synthesis flow diagrams in chapter 3), the organoclay mixture was ultrasonicated 
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at an 8 micron amplitude for hour at room temperature with a 5 minute process 
alternating with a 2 minute pause. Then, the organoclay mixing was continued 
following the rest of the steps in each synthesis procedure. Ultrasonic equipment, type 
KTl50 from the Kerry Ultrasonics Ltd. , with a power supply of 720 W was used. 
It has been reported(45,47.221 ) that ultrasonic waves may cause a decrease in the 
molecular weight of a polymer matrix. However, the degradation rate(22 1) depends 
upon the molecular weight of the polymer sample, because increased mobility of the 
polymer molecules favoured harmless energy dissipation, indicating that the influence 
of the characteristic movements in the ultrasonic wave was relatively weak and the 
efficiency of degradation was limited in the case of a low viscosity polymer matrix. 
Ch en et al.(222) studied the decomposition of poly(ethylene glycol), PPG, in 
nanocomposites. They proposed that PPG with molecular weight 4,000 did not show 
any sign of the degradation, even after being exposed to some strong treatments, such 
as high temperatures, high oxygen partial pressures or longer period of times, beyond 
those used in preparing nanocomposites. However, the degradation of PPG increased 
with the molecular weight, when the molecular weight was higher than 8000. 
The influence of the ultrasonication on the degradation/decomposition of the PPG 1025 
was also investigated. The results showed no significant change of the average 
molecular weights of the PPG 1025, after being ultrasonicated for 0, 15 and 30 minutes, 
as seen in Table 5.3. This result agreed with the findings of Chen et al. 
Table 5.3 Calculated average molecular weights and polydispersities of PPG 1 025 with 
variation of the ultrasonication time (expressed as polystyrene equivalents) . 
Time 
(minutes) 
o 
15 
30 
1910 
1890 
1900 
Polydispersity 
1570 1.2 
1580 1.2 
1570 1.2 
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In the presen t study, all specimens were ultrasonicated for I hour at room temperature. 
Again, the filled mould was turned over every 30 minutes in the first four hours. After 
that it was turned over further everyone hour for another 3 hours to diminish extent of 
the clay settlemen t. The mixing time lIsed to disperse the organoclay into the polymer 
constituents was 30 minutes and 5 wt% C20A organoclay was used in all the 
speci mens in thi s study. 
The influences of various ultrasonic assisted synthes is procedures on the glass 
transition behaviour, morphology, damping and mechanical properti es of IPN 
organoclay nanocomposites were examined by several characterisation techniques. 
5.2.1 Wide angle X-ray diffraction. 
Both sides of the specimens were characterised by W AXD to examine dispersion of 
silicate layers. The W AXD data for both sides of C20A organoclay-filled 
70PU/30PEMA IPNs for the ultrasonic assisted procedures: SPO, SP I, S P2, SP3 and 
SP4, are shown in Figure 5. 15. An obvious C20A organoclay diffraction peak occurs 
at a 29 angle of 3.85", which corresponds to a basal spacing, door , of 2.29 nm . Three 
clear di ffraction peaks are detected for both sides of the SPO specimen, at the same 29 
angles of2.30, 4.64 and 6.88, which correspond to a harmonic seri es of the 001 , 002 
and 003 planes, respectively. A basal spacing, doo l, is 3.84 mn, in thi s case, indicating 
that polymer chains have intercalated into the layered silicates to some extent. 
H:owever, the intensity of the bottom side is stronger than that of the top side, implying 
that the C20A organoclay sti 11 graduall y settled to that side. It can be conc luded that 
the Ltltrasonic waves have not strongly affected the clay settlement. However, there is 
weaker diffraction intensity difference between the bottom and the top sides when 
usi ng ultrasonication. 
For a mixture of PPG1025 and TMP first mixed wi th the C20A organoclay, the 
ultrasonic assisted synthesis procedure one, SP I, the first diffract ion peak shi fted 
towards a lower value of 2.25°, as shown in Figure 5.15 (b), which corresponds to a 
basal spacing, doo h of 3.93 nm, indicati ng that polymer chains have intercalated 
between the silicate layers to a higher degree than that of SPO, which ex tended the 
layer spacing to a va lue of3.84 nm. This could be because both PPG 1025 and TMP 
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Figure 5.15 W AXD patterns for top and bottom s ides of C20A organoclay fi ll ed 
70PU/30PEMA IPNs prepared by the various ultrasonic ass isted synthesis procedures. 
173 
Chapter 5 Optimisation of synthesis procedures 
were intercalated into the clay layers, so stronger repulsion forces of the hydroxyl 
groups of triol and polyo l molecules could ex ist. Consequentl y, thi s caused expansion 
of the distance between the si licate layers. However, a slight increase in d-spacing onl y 
± 2.3 % is probably w ithin experimental e!TOr. Besides, the bottom and the top 
di ffraction results continue to show a difference in peak intensity, indicating the 
phenomenon of the settlement of clay particles occurred to some ex tent. 
[n the ultrasonic assisted synthesis procedure two, SP2, the mixture of dii socyanate, 
PPG I 025 and TMP were first mixed with the organoclay. W AXD results show a shi ft 
of the fi rs t diffraction peak from a value of 3.85°, observed for the C20A organoclay, 
to a value of 2.36°, which corresponds to an interspaci ng di stance, door, of 3.74 nm, 
Figure 5. 15 (b), indicating that some polymer cha ins have intercalated, but to a lesser 
extent than for SPO, which exhibited door of3.84 nm. This may possibly be because the 
dii socyanate groups reacted with the po lyo l mo lecules fas ter than they intercalated into 
the c lay layers. Therefore, a smaller amount o f PU segments occupied the s ilicate 
gall eries. The intensity difference between the top and the bottom revea ls a bigger gap 
as compared to that of the PO. A possible reason is an increase ill overall viscosity of 
the matri x, as a result of the faster polymeri sation of the PU networks, restricted the 
settlement of clay particles du ring polymeri sati on. 
As seen in Figure 5. 15(c), W AXD results for the ultrasonic assisted synthesis 
procedu re three, SP3, where the organ oclay was first mixed with the P EMA 
components, monomer EMA and crosslinker TEGDM, reveals the first diffraction 
peak (00 1) at 2.30°, corresponding to an interl ayer spacing of 3.84 nt11 , which is the 
same value as the basal spacing obtained for SPO. This indicates that the PEM A can 
also intercalate into sili cate layers to around the same ex tent as the PU network did . 
However, the top and the bo ttom sides still give a difference in the d iffraction 
intensi ty. 
The ultrasonic assisted synthesis procedure four, SP4, where both PU and PEMA 
components, except the catalyst, SnOct, and the initiator, A1BN, were mixed with the 
C20A organoclay, shows a shi ft in the first di ffraction peak pos ition from 3.85°, 
observed for the C20A organoc1ay, to a value of 2.30°, corresponding to a basa l 
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prepared by the various synthesis procedures with and without the ultrasonication. 
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distance of 3.84 nm, which is the same value as that of SPO, shown in Figure 5. 15(c). 
This is not surprising, since both networks could intercalate concurrentl y into the clay 
gall eries. Their abilities to intercalate into the silicate layers were quite simi lar, as 
proven from the results of SPO and SP3, even though they might not do at the same 
rate. However, the difference for the top and the bottom sides is quite large. This might 
be probabl y be caused by a high overall viscosity, as both networks fo rmed. 
Compari son of X-ray di ffrac tion patterns for C20A organoclay fi ll ed 70PU/30PEMA 
IPNs prepared by the various synthes is procedures with and witho ut ultrasonication 
was a lso made. After in-situ interca lative polymeri sation, W AXD patterns for the 
spec imens prepared with and without the ultrasonication show around the same 
interlayer spaci ng for each pair, which were synthcs ised by PO, P2, P3 and P4. Sec in 
Figures 5.2 and 5.15. For PI , the diffraction peak shifted towards a lower va lue of 
2.25° as revealed for SP3, but it showed at a va lue of 2.30° for P3. However, the 
nuctuation is within ±2% which is within an ex perimental error. There fore, the use of 
ultrason ic waves has showed that there is no any sign ificant improvement in the 
dispersion ability of the silicate layers for the C20A organoclay fi lled 70PU/30PEMA 
IPN system. 
5.2.2 Transmission electron microscopy. 
TEM and W AXD are complementary characteri sat ion methods(218) W AXD does not 
help identi fy precisely the nanocomposite morpho logy. TEM, however, can do thi s. 
TEM images of vari ous ultraso nic-ass isted synthesis procedures: SPO, SP I, SP2, SP3 
and SP4 are presented in Figures 5. 17 to 5.2 1, respectively. As can be seen ft'om 
Figures 5.1 7 to 5.2 1, a ll IPN nanocomposites show light, intercorlJ)ected domains of 
PEMA stretching through the dark PU matrix. The phase domains are not well defi ned, 
indicat ing no gross phase separation occurs. The interphase boundaries between the 
domains and the matrix are not clear. The high extent of different shades of grey in the 
PU matrix can be seen, showing some extent of molecular mixing between the two 
components. Very large and unevenly di spersed primary clay particles, tactoids, are 
observed in the polymer, strongly suggesting that there is a poor di spersion. The size 
of these tactoids is in the order of 0.5-3 ~Lm , as seen in Figures 5.17 (a) and 5.2 1(a). 
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There is no sign of individual silicate platelets. The systems presented here on ly show 
intercalat ion. Thus, further studies wi ll focus on only the morphology changes in the 
polymer matrix. 
SPo, SP I and SP4 morphologies reveal a cellular structure with incorporation of light 
PEMA domains in the PU cellular matrix, the light soft segments surrounded by the 
dark hard segments. The size of the cellular domains is very fine for SPO, but becomes 
bigger for SP I and the biggest cellu lar domains are found for SP4. However, the 
different shades of grey areas at the phase boundari es between the PEMA domains and 
PU matrix can be seen, espec ially, at the phase boundaries around the PEMA domains, 
indicating some extent of molecular mixing between the two components. The SP2 
and SP3 morphologies show the light PEMA domains stretching through fairly 
uniform PU matri x of a high amount PEMA as a major part of the matrix, especiall y, 
for SP3, can be seen the lighter matrix. These might be explained by variations of the 
PEMA content di sso lved in the predominantly PU matrix . Besides, the darker matri x 
areas are more frequently observed around the PEMA domains and appeared to be to 
some ex tent interconnected. Therefore, the morphology of the whole seri es reveals 
some extent of phase separation with the PEMA domains. However, the clear-cut of 
the two-phase morphology has not been shown. 
The morphologies of the C20A organoclay fi ll ed 70PU/30PEMA IPNs prepared by the 
various synthesis procedures, with and without ultrasonication, were also examined. 
Similar sizes of the light, interconnected PEMA domains in the quite uniform PU 
matrix were seen in both the PO and SPO micrographs. The morphologies of PI and 
SPI also looked very simi lar to each other. The light PEMA domains became bigger 
and more interconnected, as compared with those of PO and SPO, and they stretched 
through the cellular matrix. Instead of a cellular structure, in P2, but with the same 
sizes of the PEMA domains spreading in a fairly uniform PU matrix were seen in SP2, 
suggesting an increase in extent of the component mixing. No cellular structure was 
observed in both P3 and SP3 morphologies. The intercOlmected, light PEMA domains 
of SP3 were s li ghtl y bi gger and more intercorLtlected than those of P3 . Besides, the 
PEMA acted as a major part of the matrix, which cou ld be seen the lighter matrix also. 
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Figure 5.17 TEM micrographs for the 70PU/30PEMA (5 wt% C20A) IPN organoc lay 
nanocomposites with ultrasonic ass isted original synthesis procedure, SPO. (a) At IOk 
magnification. (b) At 30k magnification. 
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Figure 5.18 TEM micrographs for the 70PU/30PEMA (5 wt% C20A) IP N organoclay 
nanocomposites with ultrason ic assi sted synthes is procedure one, SP I. (a) At IOk 
magnification. (b) At 30k magnification. 
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Figllre 5.19 TEM micrographs fo r the 70PU/30PEMA (5 wt% C20A) IPN organoclay 
nanocomposites with ultrasonic assisted synthesis procedure two, SP2. (a) At IOk 
magni fication. (b) At 30k magni fication. 
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Figure 5.20 TEM micrographs fo r the 70PU/30PEMA (5 wt% C20A) IPN organoclay 
nanocomposites with ul traso nic ass isted synthesis procedure three, SP3. (a) At [Ok 
magni fi cation. (b) At 30k magni fication. 
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Figure 5.21 TEM micrographs fo r the 70PU/30PEMA (5 wt% C20A) lPN organoclay 
nanocomposites wi th ultrasonic assisted synthesis procedure four, SP4. (a) At IOk 
magni fication. (b) At 30k magni fication . 
182 
Chapter 5 Oplimisation of synthesis procedures 
There were no obvious distincti ve morpho logy di fferences between P4 and SP4. 
Their morphologies showed the light PEMA domains spreading in the cellular PU 
matrix. However, all specimens showed h igh extent of molecular mixing, which was 
revealed by a number of di ffe rent shades 0 f grey in the PU matrix. 
5.2.3 Dynamic mechanical thermal analysis. 
DMTA was used to examine the influences of ultrasonic-assisted syn thesis procedures, 
coded as SPO, SPI, SP2, SP3 and SP4, o n the dynamic mechanical properties of the 
70PU/30PEMA IPN organoc!ay nanocomposites. The resulting bending loss factor, 
storage modulus and loss modulus spectra of these 70PU/30PEMA IPN organoclay 
nanocomposites are illustrated in Figures 5.22 to 5.24. The dynamic mechanical 
properties are sum marised in Table 5.4 . 
Table 5.4 Dynamic mechanical properti es of the 70PU/30P EMA IPN organoc!ay 
nanocomposites with various ultrasonic-assisted synthes is procedures. 
Synthesis procedure Tg, °C at tan 0 max. Tan 0 max value Peak width, °C 
at Tg tan 0 ~ 0.3 
PU PEMA PU PEMA 
SPO -14 80 0.30 0.59 
-13 B 123 (136) 
SP I - 15 77 0.30 0.7 1 
-17 B 124 (141) 
SP2 -16 74 0.28 0.80 
-11 B 11 7 (128) 
SP3 - 14 75 0.29 0.64 
-4 B 11 9 (123) 
SP4 -13 77 0.33 0.69 
-20B 126 ( 146) 
As observed in Figure 5.22, the dynamic loss factor profiles for all samples, 
synthesised by the various ultrasonic-assisted procedures were similar in shape and 
correlati ve order, compared with those obtained fro m specimens which were not 
sonicated , except for the sample prepared by the SP3 procedure. 
Ultrasonicated 70P U/30PEMA IPN organoc lay nanocomposites prepared by all 
synthesis procedures, SP seri es, show onl y an obvious PEMA transition with a less 
deve loped shoulder at the PU glass transition. See Figure 5.22. This implies that they 
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have to some extent of a phase separated morphology. These results confirm the 
findings of the TEM investi gations. 
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Figure 5.22 Loss factor versus temperature plots for the 70PU/30PEMA IPN 
organoclay nanocomposites from the various ultrasonic assisted synthesis procedures. 
Correlation of damping mechanical properti es of the 70PU/30PEMA IPN organoclay 
nanocomposites prepared by the various synthesis procedures with and without 
ultrasonication is given in Table 5.5. When the organoclay was mixed first with 
PPGI025 in SPO, a PU transition occurs at -14°C with a tan delta max value of 0.30, 
whereas a strong PEMA transition is observed at 80°C wi th a tan delta max value of 
0.59. Ultrasonication causes the PEMA transition to shift from a value of 75°C to 
80°C, but the tan delta max value decreases from 0.64 to 0.59, as compared to those of 
PO. This might probably be caused by the ultrasonic waves breaking some big clay 
agglomerates into smaller agglomerates and permitting a higher number of PEMA 
segments to adsorb onto the silicate surface. Thus, the PEMA network was less 
mobility (higher Tg and lower tan de lta max). 
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Table 5.5 Dynamic mechanical properti es of the 70PU/30PEMA IP organoc lay 
nanocomposites prepared by various synthesis procedures with and without the 
ultrason ication. 
Synthesis Tg at tan 8 max ("C) Tan 8 max value at Tg 
procedure PU PEMA PU PEMA 
P SP P SP P SP P SP 
PO - 14 -14 75 80 0.31 0.30 0.64 0.59 
PI - IS -15 75 77 0.27 0.30 0.70 0.7 1 
P2 - 16 -16 71 74 0.30 0.28 0.74 0.80 
P3 - 14 -14 79 75 0.32 0.29 0.57 0.64 
P4 - 15 -1 3 77 77 0.33 0.33 0.68 0.69 
In SPI , when the organoclay was mixed first with the mixture ofPPGI025 and TMP, 
there was no signifi cant change in either the glass transition or the tan delta max value 
at the PU Tg. Whereas, the PEMA Tg slightly decreased from 80°C to 77°C with an 
increase in tan delta max value from 0.59 to 0.70, as compared with those of SPO. This 
could be because both polyo l and trio l molecules cou ld intercalate into the sili cate 
ga ll eri es . So, a lesser amount of the PU constituents may interpenetrate with the 
PEMA network outside the si li cate clay galleries. Consequently, the PEMA was 
predominant. Also, a slight reduction of the P EMA transition might probably be 
because a less crosslinked PE MA network is formed (lower Tg and higher tan delta 
max), owning to a lesser amount of reacted monomer/cross linker to form the PEMA 
network. However, results for SP I do not reveal any significant difference as 
compared to those ofPl , except on ly a sli ght increase in both PU and PEMA tan delta 
max va lues 
C20A organoclay was first mixed with the mixture of PPG 1 025, TMP and TMXDI in 
the ultrason ic-assisted synthesis procedure two, SP2. The PU transition showed no 
significant shi ft at -16°C. A reduction in glass transition from 80°C to 74°C, and a steep 
increase in tan delta max value at PEMA transition from 0.59 to 0.80 were observed, 
as compared to those of SPO. This IPN shows the greatest change in its morphology. 
Because TMXDl was incorporated wi th the organoc lay in conCUHence with the po lyo l 
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and triol, the PU segments can establi sh within the silicate galleries. Thus, a higher 
amount of the PU segments is constrained between the silicate layers. Consequentl y, 
the PEMA segments were less restricted when they interpenetrated with the reduced 
amount ofPU networks outside the layered silicate. This might be a reason why the tan 
delta max value was increased at the PE MA transition, making the predominant 
network . Bes ides, the first fonned PU network and higher fraction area of silicate 
particles could hinder the PEMA forming. Consequentl y, a PEMA network of lower 
cross link density could be fonned, exhibiting a lower glass transition and higher tan 
delta max. However, SP2 shows an increase in PEMA transition from a value of 71°C 
to a value of 74°C with higher tan delta max value from 0.74 to O.SO, while, the tan 
delta max at PU transition shows no significant changes, as compared to P2. Under the 
present reaction condi tions, the PU reaction proceeded faster than the PEMA 
fomlation . Thus, the PEMA network might was trapped by the first fonn ed PU 
network which was spread in an increas ing number of areas in the matrix, as the 
silicate layers were under the ultrasonication . Consequently, an increasi ng number of 
interface interactions of the PEMA network , which was surrounded by the PU network 
and near the spread si licate layers, with the phases were possible. These could be some 
explanations for the significant increase in the glass transition at the PEMA transition. 
In the ultrasonic-assisted synthesis procedure three, SP3, the organoclay was first 
added into a mixture of a monomer, EMA, and a crosslinker, TEGDM. As seen in 
Figure 5.22, the PEMA glass transition decreases from SO°C to 75°C with an increase 
in tan delta height from a value of 0.59 to a value of 0.64, as compared to those ofSPO. 
On the other hand, it shows no sign ificant changes at the PU transition. The PU 
shoulder has a tan delta max va lue of 0.29 at _14°C. This might prove that the PU 
component cou ld intercalate into the silicate layers faster than the PEMA component. 
A decrease in the PEMA transition and an increase in tan delta max could result from a 
reduction in the degree crosslinking because of intercalated and non-reacted 
monomer/cross linker, yielding more a flex ible molecular network. However, the 
PEMA transition slightly decreased from 79°C to 75°C with an increase in tan delta 
max value fi·om a value of 0.57 to a value of 0.64, as compared to those of P3 . Whi lst, 
the PU tan delta max slightl y decreased from a value of 0.32 to a value of 0.29 with 
same PU transition at _14°C. Because of a better dispersion of smaller aggregates, there 
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IS a greater extent of the intercalated and non-reacted monomer/crosslinker, 
consequently, a looser PEMA network could be formed. 
All the chemicals were mixed first with the organoclay, except the PU catalyst, SnOct, 
and the initiator, AIBN, of the PE MA component in SP4. A PU transition still shows at 
the same position (- 13°C) and a s li ght increase in tan delta max value from a value of 
0.30 to a value of 0.33, as compared with those of SPO. Whilst, the PEMA trans ition 
shows a s light decrease from 80°C to 77°e with a significant increase in the tan delta 
max value from a va lue of 0.59 to a value of 0.69. These results can support an 
explanation that the PU component can intercalate into the layered silicates faster than 
the PEMA component. Therefore, the PU component might interpenetrate to a lesser 
extent with the PEMA component outside the silicate layers. Therefore, the PEMA 
network should be the predominant phase. Agai n, it is believed that a more nexible 
PEMA molecular structure, showing a lower Tg and a higher tan delta max, is formed 
because of intercalated and non-reacted monomer/cross linker being constrained in the 
clay galleri es. However, the PU and PEMA transitions show no changes as compared 
with the results of P4. Therefore, ultrasonication shows insignificant effects on 
synthes is procedure four. 
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Figure 5.23 Storage modulus versus temperature plots for the 70PU/30PEMA IPN 
organoclay nanocomposites from the various ul trasonic assisted synthesis procedures. 
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Figure 5.23 shows the storage moduli for various ultrasorllc assisted synthesis 
procedures. Again, they show a two-step drop through the measured temperature 
range, indicating some extent of phase separation. The storage moduli around the 
glassy state do not exhibit much different, while at temperatures beyond room 
temperature up to the rubbery plateau the storage moduli reveal significant changes, as 
the synthesis procedure vari ed. A similar comparative pattern as compared to those of 
unaided ultrasonicated samples, is found . 
The storage modulus of SP2, reveals the lowest value. The ultrasonic-assisted original 
synthesis procedure, SPO, shows the highest value. These results correspond to the tan 
delta profiles in Figure 5.22. As can be seen in Figure 5.22, the SP2 seems likely to 
exhibit the highest extend of phase di scontinuity, while the SPO shows the largest 
extent of component mixing. Therefore, SP2 should has the lowest modulus value, 
which is the same as that found in P2, indicating that the ultrasonication did not help to 
change the modulus of the IPN prepared by thi s synthesis route. Besides, the other 
three specimens, SP I, SP2 and SP3, show lower modulus values than that SPO. 
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Figure 5.24 Loss modulus versus temperature plots for the 70PU/30PEMA IPN 
organoclay nanocomposites from the variolls ultrasonic assisted synthesis procedures. 
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The loss moduli for vanous ultrasonic-assisted synthesis procedures are shown in 
Figure 5.24. Again, they show some extent of phase separation . The loss moduli 
arou nd the glassy state and also at the PU transition show no any differences, while at 
temperature above room temperature up to the rubbery plateau, the loss moduli reveal 
sign i li cant changes, as the synthesis procedure vari ed These results show the same 
trend as found in the storage modulus. The lowest loss modulus was found for SP2. An 
a lternati ve order between SPO and SP3 profiles was also observed in a compara tive of 
(he loss modulus profile resu lts between aided and unaided ultrasonication, as do in the 
storage modulus. Nevel1heless, only a very small difference between those (wo profiles 
was noticed. 
5.2.4 Modulated-temperature differential scanning calorimetry. 
The 70PU/30PEMA IPN organoclay nanocomposites prepared vIa the various 
synthesis procedures aided by ultrasonication were also characterised by M-TDSe. 
The effects of variation of synthesis procedure on the glass transition temperatures are 
shown in Figure 5.25 and Table 5.6. 
Table 5.6 M-TDSC data for the 70PU/30PEMA IPN organoclay nanocomposites from 
the various ultrasonication synthesis procedures. 
Synthesis procedure Tg, OC dCp/dT va lue, J Ig- 0c-
PU PU 
SPO -38 0.018 
SPI -39 0.019 
SP2 -41 0.018 
SP3 -37 0.016 
SP4 -39 0.018 
As can be seen from Figure 5.25, the M-TDSC cw-ves in the foml of the differential of 
heat capaci ty versus temperature plots for all specimens show a prominent dCp/dT 
peak with a very broad dCp/dT shoulder fo r the PU and PEMA-rich phase transitions, 
respec ti vely, indicating microphase separation in these systems. However, there ex ists 
some degree of molecular mixing as indicated by the dCp/dT signa l which has a 
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similar, non-zero, height continuously spanmng the studied temperature range. 
Because of the very broad shoulder, it is very hard to assign the Tg of the PEMA-ri ch 
phase. Therefore, only the PU-ri ch phase transitions and their differential heat capac ity 
values are summerised in Table 5.6. 
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Figure 5.25 Di fferential heat capacity versus temperature plots showing the effect of 
the ultrasonic assisted synthesis procedures on the 70PUl30PEMA IPN organoclay 
nanocomposites. 
As the syn thes is procedure was changed, a slight shi ft of the PU-ri ch phase transition 
towards lower temperature, from -38QC, observed for sPa, to -41 QC, obtained for SP2. 
The other IPNs show no significant changes in the PU transition in the temperature 
range measured in thi s study, as summeri sed in Table 5.6. The lowest of the PU-rich 
phase transitions might probably be caused by a lower ex tent of crosslinking in the PU 
network . As the PU constituents, except catalyst, SnOct, were intercalated first into the 
sili cate layers, consequently, some parts were confined between the silicate galleri es . 
Therefore, an incomplete PU network might be fOlllled, showing a drop in the PU Tg. 
However, the differential heat capacity at the PU-rich phase shows no significant 
changes by changing the synthesis procedure. Thi s conclusion was the same as for the 
specimens which were not sonicated. 
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5.2.5 Tensile bebaviour. 
The mechanical properti es of 70PU/30PEMA IPN organoc\ay nanocomposites with 
variations in the ultrasonic ass isted synthesis procedure were detennined by tensi le 
testing. The tens ile strength, extension at b reak and the modulus of elasti city fo r each 
ultrasonic-assisted synthesis procedure are portrayed in Figure 5.26 and their data are 
summarised in Table 5.7. The tensile properties o f the 70PU/30PEM A lPN organoclay 
nanocomposites prepared by the vari ous synthes is procedures without ultraso nicat ion 
are also shown in Table 5.7. 
Table 5. 7 Measured values of tensile strength, extension at break, and modulus of 
elasti city fo r the PUIPEMA organoc\ay nanocomposites with vari ation of the synthes is 
procedure with and without ultrasonication. 
Synthesis Tensile strength Extension at break Modulus o f elastic ity 
procedw'e (MP a) (%) (MPa) 
p SP P SP P SP 
0 4.37 ±0.45 6.64 ± 0.4 1 506 ± 61 57 1 ± 27 18.9 ± 1.3 22.4 ± 1.8 
I 2.84 ± 0.1 1 3. 10 ± D.18 392 ± 24 370 ± 27 17.9 ± D.9 21.9 ± 1.7 
2 1.96 ± 0.28 0.92 ± 0.07 381 ± 48 295 ± IS 15.5 ± 1.2 16.8 ± t.4 
" 5.28 ± 0.3 1 4.97 ± 0.37 5 16 ± 27 457 ± 40 18.4 ± 2.9 23.5 ± 0.7 .) 
4 2.76 ± 0.21 1.84 ± D.17 471 ± 42 469 ± 11 10.6 ± 2.1 14.2 ± 0.9 
In the ultrasonic-assisted ori ginal synthesis procedure, SPO, where the organoclay was 
first mixed with PPG I 025, the tensile strength and extension at break show the highest 
values of 6.64 MPa and 571 %, respecti vely. While the modulus of elasti city shows a 
fai rl y high value of 22.4 MPa. With respect to the PO results, as shown in Table 5.7, 
the tensile strength is increased by 52%, the elongation at break and the storage 
modulus is moderately increased by 13% and 18%, respectively. These may be 
attributed to the infl uence of ultrasonic at ion. 
A severe decrease in the tensil e strength and the elongation at break are illustrated in 
Figure 5.26, while the modulus of elasti c ity marginally decreases, as a mixture of 
PPG I 025 and TMP was first mixed with the organoclay in the ultrasonic ass isted 
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Figure 5.26 Tensile properti es of the 70PU/30PEMA (5 wt% C20A) IPN organoclay 
nanocol11pos ites as a function of ultraso nic ass isted synthesis procedure> 
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synthesis procedure SP\. The tensile strength decreases by half from 6.64 to 3. 10. The 
elongation at break decreased considerably from 571 % to 370%. Roughly, the same 
value of 22 MPa was fou nd for the modulus o f elasticity, as compared to those of SPO. 
These might possibly be due to lower cross link of PU hard segment as the crosslinker 
TMP was constrained between the si licate layers. Another reason may be caused a 
reduction in the degree of hydrogen bonding between the hard segments. However, the 
tensil e strength and the modulus of e lasticity significantly increase, whilst the 
elongation at break decreases, as compared 10 those of P I. The high fi·equency of the 
ultrasonic wave might break silicate agglomerates into silicate tactoids and individual 
sil icate layers, consequently, the higher interface interaction between the nanoclay 
tactoids and the polymer matrix migh t be occured. Thus, the ultrasonication of 
premixed nanoc lay/polymer considerabl y improved the mechanical propel1ies. 
In SP2, where all the PU constituents were mixed first with the organoclay, except 
SnOct, again the tensile strength and elongation at break revealed the lowest values of 
0.92 MPa and 295 %, respectively. Bes ides, the modulus of elasticity also shows a low 
value of 16.78 MPa. Because orthe TMXDI was incorporated with polyo l and triol in 
the silicate galleri es, it is possib ly that the PU network, the soft and hard segments 
could estab li sh within the silicate galleri es during premixing with the organoc!ay, even 
though they might not be completely formed. Thus, a higher amount of the PU 
segment was constrained between the sili cate layers. So, a looser network might be 
formed . Consequentl y, a reduction in the interfacial bonding between the PU and 
PEMA phases might be occurred. These could be some explanations for the severe 
reduction in the mechanical properties. However, as compared to the results of P2, a 
signifi cant decreased tensile strength from 1.96 MPa to 0.92 MPa, and the elongation 
at break from 38 1 % to 295%, and slightly increased modulus of elasticity from 8.55 
MPa to 8.65 MPa, was as observed for P2 and SP2, respectively. These indicate less 
interfacial interaction because a greater extent of the PU segments was constrained 
between the silicate galleri es, which were di saggregated to some extent by the 
ultrasonication during the premixing of organoclay and polymer. 
Ultrasonicalion in SP3 showed a slight increase in the modulus of elasticity, while the 
tensi le strength and the elongation at break revealed a significant decrease, as 
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compared to the SPO. This indicates that the silicate layers are not interacted to a great 
extent with the PEMA component, as the organoclay was first mixed with the EMA 
monomer and the cross linker TEGDM, prior to combine with the PU component. TEM 
micrographs confirmed that the silicate layers were not intercalated to a great ex tent by 
the EMA monomer and the cross linker. The PEMA domains seem to be more 
obviously continuous with sharp phase boundari es. This is poss ibly a reason for these 
findings. However, the modulus of elastic ity for SP3 increases from a va lue of 18.35 
MPa to 23 .48 MPa, compared to that o f P3. The tensile strength and the ex tension at 
break decrease from 5.28 MPa and 5 16% to 4.97 MPa and 457%, respecti vely. Again, 
a possible reason is that the PEMA tend to be in interconnected domains in the PU 
matrix with an inhomogeneous d ispersion of the silicate tactoids, as seen in the TEM 
micrographs. Therefore, the PEMA should affect to some ex tent the whole mechanical 
propert ies of the IPN. 
Compared to the SPO, a large decrease in the tensile strength and the storage modulus 
of elasti city were found in SP4, while a slight decrease in the elongation at break was 
also found . They were 1.84 MPa, 14. 18 MPa and 469%, corresponding to the tensil e 
strength, the modulus of e lasticity and the extension at break, respecti vely. As stated 
before, because all constituents of both networks were first mixed with the organoclay, 
except SnOct and AIBN, a looser PU and P EMA networks might be fo rmed. 
Consequently, the reduced ex tent o f interpenetration of those two networks and 
interface interaction between the phases could exist. Therefo re, the mechanical 
properties of thi s IPN decreased. However, incorporating ultrasonication tends to 
decrease the tensile strength and the elongation at break, but marginally increase the 
modulus of elasti city. 
5.2.6 Hardness measurements. 
Hard ness Shore A measurements were conducted on all the ultrasonication ass isted 
synthesis procedure specimens. An average va lue of Shore A hardness of the 
70PU/30PEMA IPN organocJay nanocomposites versus synthesis procedure type is 
illustrated in Figure 5.27 
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Figllre 5.2 7 Shore A hardness va lues of the 70PU/30PEMA (5 wt% C20A) TPN 
organoc lay nanocomposites as a function of ultrasonic assisted synthesis procedure . 
No t surpri singly, the hardness profile shows the similar trend as the modulus of 
elasti city, shown in Figure 5.26, because the hardness of a material is strongly 
dependent upon its modulus of elasticitl 54) The Shore A hardness values are 74, 68, 
64, 72, 62, for the sPa, SP I, SP2, SP3 and SP4, respecti vely. The lowest value is 
found for SP4, where all constituents were first mixed with the organoclay, except for 
the catalyst, SnOct, and an initiator, AIBN. The reaction of the diisocyanate and 
hydroxyl groups led to f0l111 the PU network. In general , the first formed network 
usually represents the continuous phase and plays an important role in IPN 
properti es(2) Moreover, an incomplete PU network might be fonned because some of 
the PU constituents were confined in the s ilicate galleri es. The silicate layers might 
restrict the hydrogen bonding between the hard segments. Therefore, this IPN shows 
the lowest hardness vallte. Bes ides, for the SP2, it also revea ls a low Shore A hardness 
value. Again, this can be explained by the same reason as offered before fo r the SP4. 
However, when these values were compared with those of unaided ultrasonication 
speci mens, which exhibited Shore A hardness values of 69, 68, 63, 70 and 64, as 
shown in Figure 5.14, for the PO, PI , P2, P3 and P4, respectively, they show a s li ght 
increase after ultrasonication, except for the SP4 and P4, but they are a ll within the 
experiment error range. 
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Other nanoclays 
Clay nanocomposites can produce dramatic improvements in a variety of propert ies, 
especiall y in exfoliated nanocomposi tes compared with those of the neat resin and 
conventional compos ite materi als. Thus, it is important to understand the factors which 
affect delamination of the clay. These facto rs include('4) the cation exchange capacity 
of the clay, the polarity of the polymer medi um and the chemical nature of the 
modifier, e.g. on ium ions. By modifying the surface polarity of the hydrophili c clay, 
on ium ions allow thermodynamically favourab le penetration of polymer precursors 
into the silicate interlayer regions. The ab ility of the onium ion to assist in the 
delaminat ion of the clay galleries depends on its chemical nature such as its 
po lari t / 22),224) 
The correct se lection of modified clay is crucial to ensure effective penetration of the 
polymer, or its precursor, into the interlayer spacings of the sili cate clay, resulting in 
the desired exfo liated or intercalated polymer-clay nanocomposites. Usuki et al(225) 
studied polypropylene (PP) nanocomposi tes . They used a maleic anhydride grafted PP 
as a compatibili ser. They believed that the driving force for intercalation originated 
from the maleic anhydride group and the oxygen groups of the sili cate through 
hydrogen bonding. [n case of poIY(E-caprolactone) (PCL) layered silicate 
nanocomposites(226), partiall y delami nated/partially interca lated structures were fonned 
in the presence of montmorillonite modified by alkylammonium cations bearing two 
hydroxyl gro ups. The grafting of the PCL chains by the hydroxyl gro ups attached to 
the alkylammonium cations were an explanation of the full delamination. Tien and 
Wei(196) synthesised polyurethane/ montmori llonite (PUIMMT) nanocomposites. They 
employed tris(hydroxylmeth yl) am inomethane (TRAM) in order to induce efficient 
exfoli ati on and di spersion of MMT layers in the PU matrix. The hydroxyl groups of 
TRAM reacted with the isocyanate groups of the PU prepolymer, creating an 
exfo liated structure. 
Therefore, in thi s chapter other types of the organoclay were investigated in order to 
find a more suitable organoclay type, which improves the dynamic damping and the 
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mechanical properti es of the PUIPEMA IPN organoclay nanocomposites. There were 
four sections in this chapter. The first section is focused on the influence of C I5A 
organoclay on the IPN properties. The effect of the C30A organoclay and Na clay on 
the IPN morpho logy and properti es were examined in the second and the th ird 
secti ons. The last section reports a comparison of those clay/organoclay types with 
C20A organoclay. 
6.1 C15A organoclay. 
Cloisi te 15A, C I5A, is a natura l montmori llon ite modified with a quatel11ary 
ammonium salt, dimethyl dihydrogenated tallow quatel11ary ammoni um chloride, as 
used for C20A. Its modifier concentration, 125 milliequivalentsl100g clay, is higher 
than that of C20A, 95 mi lli equivalentslI OOg clay. It is a white powder with a speci fi c 
gravity of 1.66 glcmJ and it also is used as an additi ve for plastics to improve various 
phys ical properti es(169) 
In thi s study, C 15A at 0%, 1%, 3%, 5% and 7% by weight of PU were introduced into 
the 70PU/30PEMA IPN system by using an in-situ po lymeri sation method, in which 
C 15A organoclay was first homogeneously mixed with PPG 1 025 at room temperature 
for 30 minutes by using a Silverson L2R mixing apparatus, as in the original synthesis 
procedure (Chapter 3). The PU network was based on TMXDI , PPG I 025, TMP and 
SnOct, with PPG I 025:TMP ratio of 3: I and SnOct 1.2% by weight of PU, whereas the 
PEMA network had TEGDM 5 mol% of PE MA and was initiated by AIDN at 1 mol% 
of PEMA. The simultaneous IPN technique was used to combine intimate ly the 
crosslinked elastomeric PU with a high glass transition plastic, PEMA. The effects of 
the C 15A organoclay on the IPN propel1ies, glass transition temperature, damping and 
mechanical properties were analysed by several techniques di scussed earlier. The 
results of these investi gations are outlined as follows. 
6.1.1 Wide angle X-ray diffraction. 
The x:- ray di ffract ion pattel11s of the 70PU/30PEMA IPN organoclay nanocomposites 
at loadings of 0, I and 7 wt% ofCI5A are shown in Figures 6. 1 and 6.2. 
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Figure 6.1 WAXD patterns for top and bottom sides of C ISA organoclay-fi lled 
70PU/30PEMA IPNs conta ining I and 7 wt% of C ISA, 
As can be seen in Figure 6,1, the W AXD data collected from both sides o f cast 
samples show differences of intensity for the top and the bottom sides. Higher c lay 
content exhibits a lower intensity di ffe rence. This ind icates that the C ISA organoclay 
did not homogeneously di sperse in the polymer matri x. Moreover, the silicate particles 
tend to settle to the bottom side of the sheets during pol ymeri sation process. lncreasing 
the overa ll viscosity of the mixture, with increased organoclay load ing, restricts the 
settlement of the clay particles during polymerisation. Consequently, the intensity 
difference between the top and the bottom is reduced. In the further comparative 
studies, on ly the diffraction patterns from the bottom side of those samples wi ll be 
used. 
The WAXD patterns for CISA organoclay, the 70PU/30PEMA IPNs, and the C ISA 
organoclay-filled 70PU/30PEMA IPNs at 1 and 7 wt% of clay are shown in Figure 6 .2. 
Only one diffraction peak is noticed in the C ISA organoclay at 2.73°, corresponding to 
a dool of 3.24 nm, whi le, as expected, no diffraction peak is present in the unfilled 
70PU/30PEMA IPNs. After in-situ intercalative polymerisation, three diffraction peaks 
are revealed. The first di ffraction peaks have shi fled towards lower angles of 2.29° and 
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2.35°, for I % and 7% clay loading, respectively, which correspond to interlayer 
spacings of 3.86 and 3.76 run . These resul ts ind icate that the polyether polyo l 
molecules are intercalated in between the si licate layers to some extent at both the clay 
contents. 
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Figure 6.2 W AXD patterns for the C 1SA organoclay, the 70PU/30PEMA lPN, and the 
Cl SA-fi lled 70PU/30PEMA IPNs contai ning 1 and 7 wt% C 1SA. 
6.1.2 Transmission electron microscopy. 
W AXD is a useful screening technique for determining the type of nanocomposite 
prepared, but the results provided by WAXD can not be used alone to describe the 
exact nature of these nanocomposites. W AXD only gives the distance between clay 
layers, thus, reveal ing the relationship of the clay layers to themselves, not of the clay 
particles to the polymer. W AXD does not reveal how well di spersed the clay is 
throughout the polymer, nor does it define the degree of intercalation or exfo liation. 
TEM analysis can provide further information. Low magnification TEM will exhibit 
how well dispersed the clay is throughout the polymer matrix, and it can also show the 
degree of interca lation and/or exfoliation which has occurred. 
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200nm 
(b) -
Figllre 6.3 TEM micrographs for the unfill ed 70PUl30PEMA IPN. (a) At IOk 
magnification. (b) At 30k magnifi cati on. 
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Figllre 6.4 TEM micrographs for the 70PUl30PEMA ( I wt% C I5A organocIay) IPN 
nanocomposites. (a) At IOk magnification. (b) At 30k magnjfi cati on. 
201 
Chapter 6 Other nanoctays 
PEMA domains 
(b) 
Figure 6.5 TEM micrographs for the 70PU/30PEMA (7 wt% Cl5A organoclay) IPN 
nanocomposites. (a) At IOk magnification. (b) At 30k magnification. 
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The TEM micrographs sho wi ng the morphology of the 70PU130PEMA fPN and the 
70PU/30PEMA IPN organoclay nanocomposites are given in Figures 6.3 to 6.5. 
Because of higher electron density than the surrounding polymer mauix, the 
organoclay particles appear as dark parti cles in the TEM images. As can be seen from 
the 70PU/30PEMA IPN organoclay nanocomposites compared with the 
70PU/30PEMA IPN, Figures 6.3 to 6.5 , again , the large and unevenl y dispersed 
organoclay platelets are aggregated in the polymer matrix at low magnification, 
indicating poor dispersion of these clay particles. The size of these tactoids was in the 
order of 0.5-3 ~lm, as seen in Figure 6.5 (a). Unfortunately, exfo liation is not observed. 
Incorporation of C 1SA organoclay causes a significant change in the observed 
microstructure of the matrix. The light, interconnected PEMA domains become bigger, 
more obvious and more interconnected wi th increasing organoclay content. At 7 wt% 
C ISA, a cellular structure can be observed more clea rl y. However, a lot of different 
shades of grey in the PU matrix can be seen, showing some extent of molecular mixing 
between the two components. Bes ides, darker matrix areas are more frequently 
observed ar"Olll1d the PEMA domai ns and appear to be to some ex tent interconnected. 
Therefore, the morphology of these organoclay nanocomposites reveals some phase 
separation. 
6.1.3 Dynamic mechanical thermal analysis. 
DMTA was used to complement these morphology studies. The dynamic mechanical 
properties of the 70PU/30PEMA IPN organoclay nanocomposites with various C l5 A 
clay contents are plotted as a function of temperature in Figures 6.6 to 6.9. Peak 
positions and tan delta max values of their PU and PEMA components and peak 
widths at tan Ii 2: 0.3 are summerised in Table 6. 1. 
As seen in Figure 6.6, the DMTA plot for the unfilled 70PU/30PEMA IPN shows a 
sem i-miscible system, where two shou ld ers corresponding to P U and PEMA-rich 
phases appear at I·C and 90·C, respecti vely. lncorporating C l 5A organoclay causes 
the PU transition to decrease to lower temperatures with a lower tan delta max va lue 
for all the studied range. At 7 wt% e iSA, the PU transi tion decreased from I·C (tan Ii 
max 0.50) obtained for the unfilled organoclay to -16·C (tan 8 max 0.29). On the other 
hand, the PEMA transition exhibits a decrease in the glass transition with an increase 
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of the tan delta max value with inc reasing C ISA organocJay content. The PEMA 
transition is at 90"C (tan 0 max 0.49) for no C ISA organoclay s ituation. Adding C I5A 
clay, the PEMA transition continuously decreases to 71"C (tan 0 max 0.79), shown by 
the sample of 7 wt% C 15A organoclay. Besides, the peak width of tan 0 2': 0.3 
decreases at the higher C 15A contents, as seen in the Table 6.1, indicating a lesser 
extent of matrix mixing with increasing the organoclay content. 
Table 6.1 Dynamic mechanical properties of the 70PU/30PEMA lPN organoclay 
nanocomposites wi th various C 15A contents. 
C ISA Tg at tan 0 max. Tan 8 max value at Tg Peak width 
(% wt) (0C) tan 8 2': 0.3 
PU PEMA PU PEMA ("C) 
unfi lied I 90 0.50 0.49 -
1% -11 8 1 0 .38 0.S4 -
30/0 -11 79 0.36 0.60 -21 B 138 (159) 
5% -IS 77 0.32 0.72 -19 B 127 (146) 
7% -16 7 1 0.29 0.79 -8 B 11 9(127) 
The lower glass transition va lues and tan delta max at the PU transition might be 
because of an incomplete PU network formation . It was reported that the po lyol and 
isocyanate could intercalate the clay galleries. Consequently, it is more likely that 
during the PU network polymerisation there was an imbalance in the hydroxyl : 
isocyanate ratio, reSUlting in a poor polymer network. This would exp lain the reduction 
in glass transition and tan delta max as fewer polyol molecules are involved. The 
PEMA constituents cou ld also intercalate into the clay galleries. This may result in a 
poor network because of intercalated and non-reacted monomer/cross linker, yield ing a 
more flexible network. Consequently, it reveals a lower Tg and higher tan delta max at 
the PEMA transition. However, the influence of the C 15A organoclay on the tan delta 
profiles of the 70PUl30PEMA IPNs shows the same aspect as found for the C20A 
organoclay (see section 4.1.3). 
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Figure 6.6 Loss factor versus temperature plots for the 70PUl30PEMA IPN 
organoclay nanocomposites: 0, 1,3, Sand 7 wt% e ISA. 
10 .-------------------------------------------, 
9 
8 
7 
6 
............... . ... 
•• 
.. 
.. 
o 20 
•• 
•• .. 
40 
.. 
... 
60 80 
Temperature (C) 
- .- unfi ll ed 
-6- 1% 
- ' - 3% 
5% 
- 0- 7% 
100 120 140 160 
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organoc1ay nanocomposites: 0, 1,3, S and 7 wt% C l SA. 
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Figure 6.7 shows the storage modulus oflPN organoclay nanocomposites as a function 
of temperature. Again, there is no sign of gross phase separation, wh ich cou ld be 
observed by sharp drops at the Tgs of both homopolymers. Instead, they show a broad 
transition interval with slight changes in slope around the homopolymer Tgs, 
especially the IPN with 7 wt% C15A. 
In the g lassy state, the incorporation of the organoc\ay does not have a signifi cant 
influence on the storage modulus. The storage moduli above room temperature fo r the 
fi ll ed IPNs are higher than that of the unfilled system between their Tgs, as seen in 
Figure 6.7. Two changes of slope in each storage modulus-temperature plot are 
observed in regard to the location ofPU and PEMA-rich phase transition temperatures. 
Thus, over the temperature range studied, the storage modulus can be divided into two 
regions at the mid point of their Tgs, which is at 50'C. In the first region, the storage 
moduli s lightly increase as the C 15A content is increased. On the contrary, the storage 
moduli slightl y decrease with increasi ng amount of organoclay in the second region. 
For easier consideration, the storage modu lus of the IPNs as a funct ion of the C 15A 
organoclay content at 20'C and 80'C, the mid points of the temperature range of each 
region, are provided in Figure 6.8. 
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Figure 6.8 Storage modulus versus temperature plots at 20'C and 80'C for the 
70PU/30PEMA IPN organoc\ay nanocomposites: 0, 1,3, 5 and 7 wt% C 15A. 
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The increase in the storage modulus with increasing C 15A content in the first region 
could be due to the normal characteristics of conventional fill ed polymer system(180) In 
the higher temperature region, the gradual decrease in the storage modu lus might be 
explained in terms of the degree of cross linking. Lower glass transitions for both 
networks were found from the tan delta profiles as c lay increased. Th is implies that a 
lower degree of cross linking of the PU and PEMA networks occurs. Consequentl y, the 
gradual decrease in the storage modulus in the second region might be explained. 
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Figure 6.9 Loss modulus versus temperature plots for the 70PUl30PEMA IPN 
organociay nanocomposites: 0, 1,3,5 and 7 wt% C 15A. 
A simi lar trend was observed for the loss modulus as shown in Figure 6.9. The unfill ed 
organoclay IPN shows a gradual decrease in loss modulus over the temperature range, 
indicating a high ex tent of component mix ing and interface content. Incorporation of 
C 15A organoclay caused no sign of gross phase separation . All the fill ed IPNs showed 
two changes of s lope around the PU and PEMA transitions in each loss modulus-
temperature plot. Adding more the organoclay, the changes are more obvious, as seen 
for the 7 wt% C 15A. Again, no signi ficant changes in Ihe loss modulus are found at 
the glassy stage, but there are increases in the inter-transition range and decreases 
aro und the PEMA transition and beyond the rubbery stage, as found in the storage 
modulus pro fil es. However, the loss modulus of the fi ll ed organoclay IPNs seems to be 
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increased at the rubbery stage as compared to that at the glassy stage, due to the 
stiffness of the si li cate particles. 
6.1.4 Modu lated-temperature differential scanning ca lorimetry. 
The effect of C 15A organoclay content on the miscibility of the 70PU/30PEMA lPNs 
was studi ed by M-TDSC and reported in Figure 6.10 and the Tg data for each 
composite are given in Table 6.2. 
Table 6.2 M-TDSC data for the 70PU/30P EMA lPN organoclay nanocomposites wi th 
varying C ISA clay contents. 
C15A Tg, · C dCp/dT v alue, J/g- 0C-
(%wt) 
PU PEMA PU PEMA 
unfi li ed -37 62 0.0 18 0.001 
1% -37 55 0.017 0.002 
5% -40 55 0.0 16 0.002 
7% -40 55 0.014 0.002 
M-TDSC curves for the unfilled 70PU/30PEMA lPN exh ibits a sharp peak at the PU 
transition and a very broad shoulder over the PEMA transit ion, indicating some ex tent 
of phase separat ion. Nevertheless, it also shows mUlti -phase morphology, owing to the 
spanning of transition spectra w ith almost the same height over w ide temperat ure 
ranges between the transitions of the homopolymers. This implies that there no gross 
phase separation took place. The presence of C 15A organoclay results in similar 
spectra where a sharp peak appears at the PU transition, but the broad shoulder at the 
PEMA transition is more obviously noticed over the entire clay content range. This 
indicates more ex tent of phase separation with incorporating of the C ISA organoclay. 
Jt also can be seen that the Tg value of the PU network in the IPNs slightl y decreases 
from -37·C, observed for unfilled IPN, to -40·C, revealed for 7 wt% C ISA. After 
norma li sing for the clay loading, aga in , the dCp/dT va lue at the PU transition 
gradua ll y decreases with increasing C I5A loading, as was found earlier in the C20A-
fill ed IPNs. At I wt% C I5A, the PEMA ex hibits a lower glass transition temperature 
fro m 62·C, observed for unfilled IPN , to 55·C with an increase in the differenti al heat 
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capacity va lue from 0.001 to 0.002 Jg-1oC 2, respectively. On adding more organoclay, 
the PEMA transiti on temperature and the dC p/dT values present no fu rther changes. 
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Figure 6.10 Differential heat capaci lY versus temperature plots showing the effect of 
C 15A organoclay content on the 70PU/30PEMA IPN organoclay nanocomposites. 
The reduction in the PU Tg might be because of an incomplete netwo rk f0n11ation, 
since the polyo l and isocyanale can interca late the c lay ga lleri es. Consequently, a more 
fl ex ible network rather than a complete network may be formed, yielding a lower Tg. 
Besides, the segments that were constrained between the layered silicates are not 
involved in the glass transition. Therefore, the dCp/dT values decreased as the C 15A 
content increased. In the case of the PEMA network, the dCp/dT values was 
approx imately the same as the C I5A content increased, while the PEMA Tg decreased 
by 70 C. The reduction in Tg could be because of some monomer and cross linker were 
trapped within the sil icate galleries. Consequently, a looser network could be fomled, 
yielding a drop in the PEMA Tg. 
6.1.5 Tensile behaviour and hardness measurements. 
The mechanical properti es of the IPN organoclay nanocomposites were also 
investigated by tensile testing and Shore A hardness measurements. The results of 
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tensile testing are li sted in Table 6.3. Figure 6. 11 illustrates the tensile propert ies: 
modulus of elastici ty, tensile st rength and elongation at break versus the C 15A 
organoclay content, while the hardness profile is shown in Figure 6.12. 
Table 6.3 Measured values of tensile strength, extension at break and modulus of 
elasticity for the IPN organoclay (C 15A) nanocomposites. 
C lay content Tensile strength Extension at br eak Modulus of elasticity 
(wt%) (MPa) (%) (MPa) 
unfilled 4 .58 ± 0 .24 736 ± 37 4.52 ± 0.72 
1% 5.68 ± 0.48 663 ± 25 9.05 ± 1.09 
3% 3.78 ± 0.39 6 10 ± 20 8.22 ± 0.22 
5% 2.62 ± 0.25 504 ± 42 10.23 ± 0.37 
7% 1.3 1 ± 0.67 329 ± 42 10.97 ± 0.50 
A typical behaviour of a fi ll ed po lymer(l 54,227) is observed in Figure 6. 11 . An increase 
se in the ex tens ion and the in the modulus of elas ti city is combined with a decrea 
tensile strength at break. The modu lus of e lasticity gradua lIy increases from 4.52 MPa 
Vc, C ISA . On the other hand , 
for the un fi lied [PN to 329%, 
wt% clay content, the tensil e 
led IPN. Adding more clay 
n a value of 5.68 MPa, 
ganocJay was 7 wt%. The 
tension to fa ilure might be 
stretch between the s ilicate 
acial bonding between the 
1 of silicate particles usuall y 
for the unfi ll ed IPN to 10.97 MPa for the IPN with 7 wt" 
the extension at break decreases considerabl y fro m 736% 
for the 7 wt% clay loading. For the tensile strength, at 1 
strength at break is sli ghtl y higher than that of the unfil 
results in a grad ual decrease of the tensile strength frO! 
revealed for I wt% C I5A, to 1.3 1 MPa when the or 
reducti on of the tensile strength and the percentage ex 
attributable to the restriction of intercalated segments to 
galleri es and possible also the reduction of the intert: 
polymer matrix and the organoclay particles. IncorporatiO! 
increases stiffness comparati ve to an unfi lled sample(228) 
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Figllre 6_12 Shore A hardness values of the IPN organoclay nanocomposites as a 
function of C I 5A clay loading. 
Shore A hardness pro fil e of these IPN organoclay nanocompos ites shows the same 
trend as found in the modulus o f elasti city. W ith an add iti on in the C l 5A organoclay 
content, the hardness of the 70PUl30PEM A IPN shows a significant increase fro m 
Shore A 60, observed fo r the unfill ed IPN, to Shore A 64 at 5 wt% c lay content, 
indicating that the IPN nanocompos ites are sti ffer than the unfilled IPN. This is due to 
a hydrodynamic effect(228) 
6,2 C30B organoclay. 
Cloisite 30B, C30B, IS a natural montmorillonite modified with a quatem ary 
ammonium salt, methyl tallow bi s(2-hydroxy ethyl) quatem ary ammonium chlori de. 
See its chemica l structure in Figure 3. 1. Its modifi er concentration is 90 
milli eq ui valents/\ OOg clay. It is a white powder with a hi gh spec ific gravity of 1.98 
glcmJ and is also used as an additi ve for plasti cs to improve various physica l 
properties(1 69) 
In thi s study, C30B at 0%, I % and 5% by weight of P U were introduced into the 
70PU/30PEMA IPN system by using an in-situ po lymerisati on method, in which C30B 
organoclay was first homogeneously mixed with PPG I 025 at room temperature for 30 
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minutes with a Silverson L2 R mixer, as in the original synthesis procedure (Chapter 
3). The PU network was based on TMXDJ , PPG 1025, TMP and SnOct, with 
PPG I025:TMP ratio of 3: 1 and SnOct 1.2% by weight of PU, whereas the PEMA 
network was prepared containing TEGDM 5 11101% of PEMA and was initiated by 
AIDN at I mol% of PEMA. The simul taneous IPN techn ique was used to combine 
intimately the cross linked elastomeric PU with a high glass transition plasti c PEMA. 
Fina lly, acco rding to the settl ement of organoclay during polynleri sation fo und in the 
prev ious chapter, the fill ed steel mould was !LlIlled over every 30 minutes in the first 
fou r hours. Subsequently, it was tumed everyone ho ur for another 3 hours to d iminish 
extent of the clay settl ement during the curing process. The effects of the C30B 
organoclay on the IPN properties, glass transition temperature, damping and 
mechanica l properties were analysed and the results of these investigations are shown 
below. 
6.2.1 Wide angle X-ray diffraction. 
The resulting W AXD pattems for C30B organoclay, 70PU/30PEMA IPNs, and C30B 
organoclay- fill ed 70PU/30PEMA IPNs with I and 5 wt% C30B are shown in Figure 
6. 13. No diffracti on peak is present in the 70PU/30PEMA IPNs, because it is an 
amorphous composite. Onl y one prominent diffraction peak is observed for the C30B 
organoclay at 4.79°, corresponding to the fi rst d iffract ion of an interl ayer spac ing of 
1.84 nm. After the in-situ intercalative po lymeri sation, the diffractio n peak was st ill 
located at the original position, 4.79°. The crystalline structure of the C30B organoclay 
has not changed. This indicates that both PU and PEMA constituents di d not 
intercalate the silicate nanolayers. Moreover, they still exhibit some settl ement of the 
C30B organoclay. However, it is clear that the vari ation of amount of C30B has no 
effect on the interlayer spacing of the C30B clay galleri es. It is believed that dri ving 
force fo r interca lation originated from the hydroxyl groups attached on the silicate 
surface and the hydroxyl groups on polyo l and/or isocyanate groups thro ugh hydrogen 
bonding. Since the modifi er of C30B clay has two hydroxyl groups, which could fonn 
H-bo nding with the hydroxyl groups on the silicate platelets, there is less chance fo r 
the polyo l / isocyanate molecules to diffuse into the silicate galleri es. Therefore, these 
materials might exhibit the properti es of traditional fill ed polymer composites instead 
of those of nanocomposites. 
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Figllre 6.13 W AXD patterns for C30B organoc1 ay. the 70PU/30PEMA IPN and the 
C30B-fill ed 70PU/30PEMA IPNs containing I and 5 wt% eJOB. 
6.2.2 Transmission electron microscopy. 
The TEM micrographs showing the morphology of the 70PU/30PEMA IPN with 
C30B organoclay composites are given in Figures 6. 14 to 6. 15. 
Incorporation of C30B organoc1ay gtves a marginal change in the observed 
microstructure. The light, interconnected PEMA domains spreading through the PU 
matrix seem to be bigger and more interconnected as the organoclay content increased. 
A high ex tent of different shades of grey in the PU matrix can be seen. Besides, the 
darker matrix is more frequently observed around the PEMA domains and appeared to 
be to some ex tent interconnected , showing some degree of molecular mixing between 
the two components. 
6.2.3 Dynamic mechanical thermal analysis. 
The dynamic mechanical properti es of the C30B organoclay-fi ll ec1 70PU/30PEMA 
IPN composites are plotted as a function of temperature in Figures 6. 16 to 6. 18. Peak 
positions and values in tan delta max of their PU and PEMA homopolymers and peak 
wid ths at tan I) <: 0.3 are summerised in Table 6.4. 
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Figure 6. 14 TEM micrographs fo r the 70PU/30PEMA ( 1 wt% C30B organoc lay) IPN 
compos ites. (a) At l Ok magni fication. (b) At 30k magni fication. 
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-
Figllre 6.15 TEM micrographs for the 70PU/30PEMA (5 wt% C30B organociay) (PN 
composites. (a) At lOk magnificati on. (b) At 30k magnification . 
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Table 6.4 Dynamic mechanical properties of organoclay fill ed 70PU/30PEMA IPN 
composites with various C30B contents. 
C 30B Tg at tan 8 max. Tan 8 max value at Tg Peak width 
C% wt) (0C) tan 8 2: OJ 
PU PEMA PU PEMA (0C) 
unfi lied I 90 0.50 0.49 -
1% -I I 79 0.36 0.60 -2 1 B 138 (159) 
5% -15 77 0.32 0.72 - 19 B 127 (146) 
Over the studied temperature range of -60·C to 160·C, the DMTA plots of the 
P u/PEMA IPNs show that the two po lymers are a semi-miscible, where two sho ulders 
corresponding to PU and PEMA-rich phases appeared at I·C and 90°C, respectively, 
wi th a broad and almost rectangular tan delta profile, indicating a high damping 
temperature range. On adding C30B organoclay, the glass transition of both networks 
shift to lower temperatures. Moreover, the PU does not exhibit a max imum value in 
tan 8 profile, despite being the major component. The higher value is shown at the 
PEMA transi tion for each clay loading. 
The PEMA transition occurs at 90· C (tan 8 max 0.49) in the absence of C30B 
organoclay. Incorporation of 1% C30B sh i fled the transition to 79°C (tan 8 max 0.60) . 
Further increase in C30B content to 5 wt% brings the transition down to 77°C (tan 8 
max 0.72). There is also a s light downward shift of the PU transition over the range of 
fill ed IPN composites, w ith also a reduction of the tan delta max value at PU Tg. The 
PU transition decreases from 1°C (tan 8 max 0.50) observed for the unfilled IPN to -
15°C (tan 8 max OJ2) shown by the sample of 5 wt% C30B content. Moreover, the 
peak width at tan 8 2: 0.3 , tends to be narrower as the C30B organoclay content 
increases. These results may arise because some chain segments might have been 
adsorbed on the surface of organoc\ay palticles, owning to the high aspect ratio of the 
si li cate platelets. Subsequently, the IPNs of lower crosslink density could be formed in 
the presence of the C30B organoclay, show ing lower glass transitions for both polymer 
networks. 
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Figure 6.16 Loss factor versus temperature plots for the 70PU/30PEMA IPN 
organoclay compos ites: 0, I and 5 wt% C30B. 
Figure 6. \ 7 shows the storage modulus of the IPNs with added C30B organoclay as a 
function of temperature. There is no sign of gross phase separation. No significant 
change in slope was observed. Incorporation of the C30B organoclay results in an 
increase in storage modulus around room temperature up until the rubbery stage. This 
behaviour can be explained by the typical fill ed system. 
A similar trend is observed for the loss modulus as shown in Figure 6.18. The unfilled 
organoclay IPN shows a gradual decrease in loss modulus over the temperature range, 
indicating a high extent of component mixing and interface content. Incorporat ion of 
C30B organoclay causes no sign of gross phase separation. Again, no significant 
changes in the loss modulus were found at the glassy stage, but there are increased 
around the room temperature and beyond, as found in the storage modulus profiles. 
However, the loss modulus of the fill ed organoclay IPNs is increased in the rubbery 
region as compared to that at the glassy state, thi s being due to the relati ve stiffness of 
the s ilicate particles. 
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Figure 6.17 Storage modulus versus temperature plots for the 70PU/30PEMA fP N 
organoclay composites: 0, I and 5 wt% C30B . 
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Figure 6.18 Loss modulus versus temperature plots for the 70PU/30PEMA fP N 
organoclay composites: 0, I and 5 wt% C30B . 
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6.2.4 Modulated-temperature differential scanning calorimetry. 
The effect of C30B organoclay content on the glass transition temperatures and the 
miscibility of the 70PU/30PEMA IPNs were measured by M-TDSC and are presented 
in Figure 6.19. 
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Figure 6.19 Differential heat capacity versus temperature plots showing the effect of 
C30B organoclay on the 70PU/30PEMA IPN organoclay composites. 
M-TDSC curves for the C30B organoclay filled 70PU/30PEMA IPNs exhibit similar 
thermograms to the unfilled IPN, showing a sharp peak at the PU transition and a very 
broad shoulder at the PEMA transition. Moreover, it also shows some degree of multi-
phase morphology, due to the retention of high value of the differential heat capacity 
over wide temperature range. Gross phase separation can not be seen. Increasing the 
organoclay content, the PU Tg shows no significant change as does the differential 
heat capacity value. This might be due to the fact that no segments are entrapped 
between the silicate layers. Therefore, as expected, peak heights, dCp/dT values, at the 
PU transition are approximately same. The slight, possibly within experimental error, 
changes are consistent with a looser PU networks. For the PEMA transition, no 
significant changes are observed. 
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6.2.5 Tensile behaviour and hardness measurements. 
The mechanical properti es of the IPN organoclay composites were also investi gated by 
tensile testing and Shore A hardness measurements. The results of tensile testing and 
hardness measurements are shown in Figures 6.20 and 6.21, respecti ve ly. Table 6.5 
shows the tensile results. 
Table 6.5 Values of tensile strength, ex tension at break and modulus of elastic ity for 
the IPN organoclay nanocomposites. 
Clay content Tensile str ength Extension at break Modulus of elasticity 
(wt%) (MPa ) (%) (MPa) 
unfilled 4.58 ± 0.24 736 ± 37 4.52 ± 0.72 
1% 4.56 ± 0.34 642 ± 35 7.66 ± 0.81 
5% 2.80 ± 0.08 53 1 ± 33 8.0 1 ± 0.75 
The tensile strength and the elongation at break graduall y decrease with increasing 
organoclay content. At 5 wt% C30B, approximately a 40% decrease in stress at break 
and around 30% reduction of elongation at break are noticed. On the other hand, the 
modulus of elasticity and the Shore A hardness values show some increase. The 
modulus of elasticity exhibits around 70% increment for the 1 wt% fill ed IPN, and 
80% for the 5 wt% fill ed IPN, as compared with unfilled IPN. The Shore A hardness 
usually relates to the modulus of elasticity. Varying the organoclay content in the IPN 
system results in changes of the Shore A values from 60, observed for unfilled IPN, to 
62, obtained for 5 wt% fill ed IPN. Since the polymer did not intercalate, thi s system 
behaves like a conventional polymer composite(\ 80,184) 
6.3 Na clay. 
Cloisite Na, Na clay, is a natural montmorillonite. No organic modifier is included in 
this clay. It is a white powder with a specific gravity of2.86 g/cmJ It is used as a fi ller 
for plasti cs to improve various physica l properti es(169) 
In this study, Na clay at 0%, 1% and 5% by weight of PU were introduced into the 
70PU/30PEMA IPN system by using an in-situ polymerisation method , in wh ich the 
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222 
Chapter 6 Other nanoclays 
64 
63 
:< I 
~ 62 0 
i?j 
~ 
~ 
61 ~ c 
"E 
~ 
:r: 
60 
1--------- T / ---------------------·------ -1 
1/ 
if 
1 
59 
o 2 3 4 5 
C30B content (wt%) 
Figure 6.21 Shore A hardness values of the IPN organoclay composites as a function 
of C30B clay loading. 
Na clay was first homogeneously mixed w ith PPG 1025 at room temperature for 30 
minutes using a Si lverson L2R mixer, as in the ori ginal synthes is procedure (Chapter 
3). The PU network was based 011 TMXDI, PPG 1025 , TMP and SnOct, with 
PPGI025:TMP ratio of 3: 1 and SnOct 1.2% by weight of PU, whereas the PEMA 
network was prepared with TEGDM 5 0101 % of PE MA and was initiated by AffiN at I 
01 01% of PE MA. The simultaneous IPN technique was used to combine intimately the 
crosslinked e lastomeri c PU with the high glass transition plast ic, PEMA. Finally, 
because of the settlement of organoclay during polymerisation rep0l1ed in a prev ious 
chapter, the fi lled steel mould was tltll1ed every 30 minutes in the first four hours, and, 
subsequently, it was turned over every one hour for another 3 hours to diminish the 
extent of the clay settlement during curing process. The effects of the Na clay on the 
IPN properties, glass transition temperature, damping and mechanical properties were 
ana lysed by several techniques. The results of these investigations are shown below. 
6_3.1 Wide angle X-ray diffraction. 
The resulting W AXD pattems for Na clay, 70PU/30PEMA IPNs, and Na clay-filled 
70PU/30PEMA IPNs with I and 5 wt% Na clay are shown in Figure 6.22. No 
diffi'acti on peak is present for the 70PU/30PEMA IPNs because it is an amorphous 
composite. One prominent d iffracti on peak was observed for the Na clay at 7.94° 
corresponding to an interlayer spacing 0 f 1. 11 lUll . 
223 
Chapter 6 
~ 
" g 
~ 
Co 
~ 
ii 
.s 
Other nanoclays 
1250 1r=====::::;------------~ 
1000 
750 
500 
250 
- . - Na clay 
0- unfilled 
6~ 1% Na, top 
.~ 1 % Na, bottom 
~ 5% Na, top 
6.18 
o+-~--._~--.-~--,-~_,--~_,--.-_.--~~ 
2 3 4 5 6 7 8 9 
2 Theta (degree) 
Figure 6.22 W AXD patterns for Na clay, the 70PU/30PEMA IPN and the Na clay-
fill ed 70 PU/30PEMA IPNs containing I and 5 wt% Na clay for both top and bottom 
sides. 
A fter in-situ intercal ati ve polymerisati on w ith 70PU/30PEMA, the di ffraction peak is 
shifted towards a lower angle value of 6 .1 8° and 7.20°, for the I % and 5% clay 
loadings, respecti ve ly. These correspond to interl ayer spacings of 1.43 and 1.23 nm. 
These results indicate that the polyether polyo l molecules are intercalated to some 
degree in the sili cate layers at both the clay contents. Besides, they still exhibit some 
settl ement of the Na clay as compared between the top and the bottom sides of a 
sample sheet. At higher clay contents, lesser differences of di ffraction intensity were 
obtained. A dramatic difference occurs at I % clay content. 
6.3.2 Transmission electron microscopy. 
The TEM micrographs showing the morphology o f the 70PU/30PEMA IPN with Na 
clay nanocompos ites are given in Figures 6.23 and 6.24. Incorporation of Na clay 
gives a marginal change in the microstructure. The li ght, interconnected PEMA 
domains spreading through the PU matri x seem to be bigger and more interconnected, 
as the clay content increases. Moreover, there are some small , light PEM A dom ains 
dispersed uni fo rml y in the continuous PU mall'ix, as seen in Figure 6.24 (b). A range 
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PEMA domains 
\~ 
200 nm 
(b) -
Figure 6.23 TEM micrographs for the 70PU/30PEMA (I wt% Na clay) lPN 
nanocomposites. (a) At 10k magnification. (b) At 30k magn ification. 
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SOOnm 
-
(b) 
Figllre 6.24 rEM micrographs for the 70PUl30PEMA (5 wt% Na clay) IPN 
nanocomposites. (a) At IOk magni fication. (b) At 30k magnification. 
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of different shades of grey in the PU matrix can be seen. Also, the darker matrix areas 
are more frequently observed arOlUld the PEMA domains, indicating some degree of 
molecular mixing between the two components. Therefore, the morphology of these 
nanocomposites reveals some significant degree of component mixing. 
6.3.3 Dynamic mechanical thermal ana lysis. 
The dynamic mechanical proper1ies of the Na clay-tilled 70PU/30PEMA IPN 
composites at various Na clay contents are plotted as a function of temperature in 
Figures 6.25 to 6.27. Peak positions and values in tan delta max values of their PU and 
PEMA components and the peak widths at tan 8 :2: 0.3 are summerised in Table 6.6. 
Table 6.6 Dynamic mechanical proper1ies of tilled 70PU/30PEMA IPN composites 
with various Na clay contents. 
Naclay Tg at tan 8 max. Tan 8 max value at Tg Peak width 
(% wt) (0C) tan 8 :2: 0.3 
PU PEMA PU PEMA (0C) 
wlfi lied I 90 0.50 0.49 -
1% 0 84 0.46 0.44 -15 (-7 114 (129) 
5% -2 8 1 0.46 0.47 
-18 (-7 11 2 (1 30) 
[n the temperature range from -60°C to 160°C, the DMT A plots of the PU/PEMA IPNs 
show that the two polymers form a semi-misc ible system, where two shoulders 
corresponding to PU and PEMA-rich phases appear at 1°C and 90°C, respectively. 
Broad and almost rectangular tan delta profiles indicate a high damping temperature 
range. Adding Na clay, the glass transitions of both networks shift towards to lower 
temperatures with a slight decrease in tan delta max values for both networks. Both 
ti lled IPNs still show the broad tan delta profiles. Therefore, it is fairly diffi cult to 
verify accurate the individual glass transition temperatures of the homopolymer 
networks. They still reveal a high damping characteristic, showing a broad loss factor, 
tan 8 :2: 0.3, spalming a temperature range of 130°C, but the tan delta max va lues are a 
little lower when the Na clay is incorporated. 
227 
Chapter 6 
0.6 -
0.5 
0.4 
!'! 
-.:; 
'0 DJ 
" 
" r 
0.2 
0, 1 
;. c-
'. .I. 
, 0 
" ~ , 
J.. * O 
, 
J.. ~ 6 
, 
i. * :. 
.. :*.:, 
Other nanoclays 
- A. _ unfi lled 
=' 1% 
... vI?' 
0.0 ~~" :-,------r---,'~_,____.___,_~,-----r__;,r_r___,_..______,~~J 
-60 -40 -20 0 20 40 60 80 100 120 140 160 
Temperature CC) 
Figure 6.25 Loss factor versus temperature plots for the 70PU/30PEMA IPN 
organoc lay nanocomposites: 0, 1 and 5 wt% Na clay, 
The storage moduli of the IPNs with added Na clay as a function of temperature are 
shown in Figure 6,27, They show gradual and continuous shape changes , This 
indicates ex tensive mi xing between the polymer components, lncorporati on of the Na 
clay results in an increase in storage modulus around room temperature and above, 
This behavio ur is typica l o f a conventionall y fill ed system(1 80 ,1 84) 
A similar trend was observed for the loss modulus as shown in Figure 6,27, All IPNs 
show a gradual decrease in loss modulus over the temperature range studied, indicating 
a high extent of component mixing and a high interface content. Incorporation of Na 
c lay shows a sli ght increase of the PU network Tg, This may arose from restricted PU 
segments, The loss modulus values are also increased around room temperature and 
above, However, the loss modul Lls of the filled IPNs seems to be increased in the 
rubbery state as compared to that at the glassy state, due to the sti ffness of the sili cate 
platelets and the internal fricti on between the silicate platelets and the polymer matrix, 
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Figure 6.26 Storage modulus versus temperature plots for the 70PU/30PEMA IPN 
nanocomposites: 0, I and 5 wt% Na clay. 
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Figure 6.27 Loss modulus versus temperature plots for the 70PU/30PEMA IPN 
nanocomposites: 0, I and 5 wt% Na clay. 
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6.3.4 Modulated-temperature differential scanning calorimetry. 
The effect ofNa clay content on the glass transition temperatures and the miscibility of 
the 70PU/30PEMA IPNs measured by M-TDSC are presented in Figure 6.28. 
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Figllre 6.28 Differential heat capacity versus temperature plots showing the effect of 
Na clay content on the 70PU/3 0PEMA IPN nanocomposites. 
M-TDSC curves for the Na clay fill ed 70PU/30PEMA IPNs exhibit the simil ar traces 
to that found for the unfilled IPN, showing a sharp PU transition and a very broad 
shoulder over the PEMA transition region . Moreover, it also shows some multi -phase 
morphology, due to the spanning of high value of the differential heat capacity over a 
wide temperature range. Gross phase separation is not indicated. Increas ing the clay 
content, the PU Tg shows no significant change, whi le the differenti a l heat capacity 
values at the PU transition slightly change. The s light, possibly within experiment 
error, changes are consistent with a looser PU network. However, for PEMA transition 
shows no significant change. 
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6.3.5 Tensile behaviour. 
Mechanical properties of the IPN nanocomposites were investigated by tensile testing. 
Figure 6.29 shows the tensile strength, e longation at break and the modulus of 
elasticity versus Na clay content. Their tensile property results are shown in Tabl e 6.7. 
Table 6. 7 Values of tensile strength, extension at break and modulus of e lastic ity fo r 
the IPN nanocompos ites. 
Clay content Tensile strength Extension at break Modulus of elasticity 
(wt%) (MPa) (%) (MPa) 
unfi li ed 4.58 ± 0.24 736 ± 37 4.52 ± 0.72 
1% 4.68 ± 0.36 637 ± 18 4.58 ± 0.40 
5% 4.45 ± 0.32 607 ±22 5.80 ± 0.59 
The tensil e properties for unfill ed and fill ed IPN samples are shown in Figure 6.29. 
Incorporation ofNa clay tends to reduce elongation at break, but increases the modulus 
of elasti city. No signifi cant change is observed for the tensile strength . The stress and 
e longation at break of the unfill ed IPN are 4.58 MPa and 736%, and the modulus of 
elasticity is 4.52 MPa. The values of stress and elongation at break decrease slightl y to 
4.45 MPa and 607% for the 5 wt% Na c lay-fi lled IPN, whereas a va lue of 5.80 MPa is 
detected for the modulus of elasti city. 
6.4 Comparison of the various clay types. 
Compari sons of the DMTA and tensile testing results are examined in thi s section. The 
correct selection of the clay type should show optimum va lues in the dynamic 
mechanica l and physica l properti es, especiall y damping behaviour. 
6.4.1 Dynamic mechanical thermal analysis . 
The DMT A results for the 70PU/30PEMA composites with I wt% of clay are shown 
in F igures 6.30 to 6.32, corresponding to loss fac tor and the storage and loss moduli 
profi les, respecti vely, whilst those of the 5 wt% fi lled IPNs are illustrated in Figures 
6.33 to 6.35. 
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Figure 6_29 Tensile properti es of the IPN nanocomposites as a function o f Na c lay 
loading. 
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Figure 6.30 Loss factor versus temperature plots for the 70PU/30PEMA IPN 
composites at 1 wt% loading. 
1 wt% C I5A and C20A show simi lar loss factor profi les, as seen in Figure 6.30. They 
show broad and rectangular tan delta profiles. Their loss factor values are slightl y 
reduced compared to the unfilled IPN. The 1 wt% C I5A- and C20A-fill ed IPN 
nanocomposites still exhibit high damping characteri stics, with tan 0 of ~ OJ spanning 
a temperature range of 130°C. Na clay- fill ed IPN nanocomposite exhibits high 
damping characteri stics also, even though it shows a significant decrease in loss factor 
values. Thus, these three filled IPN nanocomposites reveal micro-heterogeneity with 
some extent of molecular mixing, showing the broadened glass transitions. For C30B 
organoclay, the filled IPN composite shows a significant change in loss factor profile. 
The loss factor value at PU transition decreases, while that at PEMA transition 
increases, indicating that some more phase separation takes place. This might be 
attributed to the incompatibility of the C30B organoclay and polyether polyo ls etc. , 
since the latter could not intercalate the silicate layers. 
The con·esponding storage and loss moduli data, seen in Figures 6.3 1 and 6.32, 
indicate that no gross phase takes place fo r any of the IPN composites. All the fill ed 
IPNs exhibit a graduall y change the storage and loss modu li over the measured 
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Figure 6.31 Storage moclulus versus temperature plots for the 70PU/30PEMA IPN 
compos ites at I wt% loading. 
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Figure 6.32 Loss modu lus versus temperature plots for the 70PUl30PEMA rP N 
compos ites at I wt% loading. 
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temperature range, except the C30B-fi lled IPN. A slight change in slope at the 
homopolymer Tgs for the C30B-filled IPN can be seen in the loss modulus profile. 
Moreover, the PU Tg is shifted towards higher temperature by around S"C, as 
compared to that of the unfi lled IPN, after C ISA, C20A or Na clay were added, but no 
obvious change was found for the C30B-fi lled IPN. The poss ib le reason is some PU 
segments are restricted in the ga lleri es of the C ISA, C20A and Na clays. However, the 
fill ed IPN composites reveal higher storage and loss modulus than those of the unfilled 
IPN. 
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Figure 6.33 Loss factor versus temperature plots for the 70PU/30PEMA IPN 
composites at 5 wt% loading. 
At 5 wt% nanoclay content, the C20A- and C30B-fi ll ed IPNs show a PU transition and 
a strong PEMA transition, as seen in Figure 6.33. These results tend to reveal some 
extent of phase separation for higher contents of nanoclay, as compared to those with I 
wt% fill ed IPNs. Whi le, 5 wt% Na clay-fi ll ed IPN, the loss factor profile remains 
showing a broaden ing and a rectangular in shape over a studied temperature range, 
indicating high extent of molecular mixing in thi s IPN composite. The reason for these 
findings was not clear. More detailed research was needed. 
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Figure 6.34 Storage modu lus versus temperature plots for the 70PU/30PEMA lPN 
composites at 5 wt% loading. 
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Figure 6.35 Loss modu lus versus temperature plots for the 70PU/30PEMA IPN 
composites at 5 wt% loading. 
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Figure 6.36 Loss modulus for the 70PU/30PEMA IPN composi tes with 5 wt% loading 
at vari ous temperatures. 
C20A- and C30B-fi ll ed IPNs show a two-step change fo r both storage and loss 
modulus profiles at the Tgs of their homopolymers, as seen in Figures 6.34 and 6.35. A 
gradual change in slope of storage and loss moduli is found fo r the Na clay-filled IPN. 
In the glassy state, both moduli do not show any signifi cant changes, but they reveal a 
sign ificant increase above the PU trans ition and continuous ly increase until the rubbery 
state for all fi li ed IPNs. 
The C20A-filled IPN shows the highest loss modulus value at each observed 
temperature, as seen in Figure 6.36. This could be because some chain segments 
intercalated, yielding a higher extent of physical interaction between the nanoclay and 
the polymer. Another reason could be internal fri ction between the sil icate platelets 
themselves. The C30B-filled IPN also shows a high loss modulus value, even though 
C30B was not intercalated in tlus IPN. T his could be because of a strong internal 
frict ion between polymer matri x and silicate p3liicles and between the silicate particles 
themselves. The Na clay-filled IPN shows the lowest loss modu lus value amongst the 
fill ed-IPN composites. 
237 
Chapter 6 Other nanoclays 
6.4.2 Tensile behavionr. 
Tensi le behaviour of the fill ed JP s with the different types of nanoclay is shown in 
Figures 6.37 to 6.39. 
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Figure 6.3 7 Tensile strength of the 70PUl30PEMA JPN composites as a function of 
clay loading. 
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Figure 6.38 Elongation at break of the 70PU/30PEMA JPN composites as a function 
of clay loading. 
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Tensile strength at I wt% clay content increases around 33 % for C I5A- and C20A-
fi ll ed IPNs, as seen in Figure 6.37, but no significant change for the C30B- and Na 
clay- fill ed IPNs was observed. The high tens il e strength for CI5A- and C20A-filled 
LPN could be attributed to a high ex telit of interaction between the intercalated polymer 
segments and the silicate platelets. Because of no modifi er, the Na clay-fi lled IPNs 
might have a weak interphase interaction. Consequently, it exhibits an insign ificant 
change in the tensile strength . For the C30B-fill ed IPN, no intercalation took place, 
and, therefore, it shows no significant change. Further addition of clay results in a 
decrease in the tensile strength for all the filled IPNs. This could be because the clays 
tend to aggregate when they were incorporated at higher contents. Such big aggregates 
may act as defects and/or stress concentrato rs. 
Figure 6.38 shows a reduction in e longation at break for all the fill ed IPNs. Further 
addition of c lay leads to a gradual further decrease in the elongation at break. Again , 
thi s is due to defects and/or stress concentrators tending to form at higher c lay 
contents. Consequently, a reduction in the e longation at break could happen. However, 
there is no obvious difference when compares amongst all nanoclay types . 
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Figure 6.39 Modulus of elasti city of the 70PU/30PEMA IPN composites as a function 
of clay loading. 
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The increase in modulus of elasti city as c lay content increased for all the fill ed-IPNs, 
see F igure 6.39, can be attributed to the di fference in modulus between the po lymer 
matri x and the clay. Incorporat ion of sil icate clay usually increases stiffuess 
comparati ve to the unfilled sampletl1 8) At 5% c lay content, C20A-filled IPN reveals 
much higher modulus of elasticity than those o f the C30B- and the Na clay-filled 
samples. This could come from the stronger interaction between the intercalated 
polymer segments and the silicate plate lets. 
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Chapter 7 Conclusions and future work 
7.1 Conclusions. 
CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 
7.1.1 Selection of suitable formulations and conditions. 
IPN morphology and mechanical properties, especially the damping behaviour, were 
investigated for 70PUl30PEMA IPN filled with organoclay particles. Formulations and 
conditions used to alter the IPN properties were the variation of organoclay content, 
IPN composition ratio, organoclay mixing time and PU catalyst content. 
70PU/30PEMA IPNs filled with C20A, a modified clay in which the modifier is 
dimethyl dihydrogenated tallow quantemary ammonium, were systhesised by the in-
situ polymerisation method via the original systhesis procedure with polyether polyol. 
The effects of the C20A organoclay content were observed in a range of 0 to 15% by 
weight of pu. X-ray diffTaction results indicated that the interlayer distance increased 
almost the same amount from 2.29 nm, observed for C20A organoclay, to 3.92 nm, 
observed for IPN nanocomposites, for all cases. That meant the intercalation of 
polymer chains occurred. The diffusion ability of polymer chains into clay galleries 
was not controlled by the clay loading. Corresponding results revealed by TEM 
micrographs confirmed that the 70PU/30PEMA IPN nanocomposites had developed 
partial intercalation. Addition of C20A clay brought the IPN Tgs to lower 
temperatures. Besides, tan /) height at the PU Tg was decreased, while the PEMA Tg 
was increased with the C20A content. Higher clay contents tended to reveal high 
extents of phase separation. Introducing the C20A organoclay resulted in a stiffening 
effect and increased the modulus of elasticity and hardness of the IPNs, but decreased 
the tensile strength and elongation at break. 
W AXD and TEM results for the C20A-filled PEMA showed the same results as found 
for the C20A-filled PU, where only partial intercalation could be achieved. The 
intercalated layer spacings were 3.92 nm and 3.81 IUTI for fill ed PU and filled PEMA, 
respectively. This meant that both PU and PEMA constituents could intercalate into 
the clay ga ll eries. Increasing the clay content, showed no significant change of the PU 
Tg, while the PEMA Tg increased. Also, tan /) max values decreased at the glass 
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transitions for both PU and PEMA. Filled PU showed a reduction in storage modulus 
and modulus of elastici ty with increasing organoclay content. On the other hand, filled 
PEMA revealed an increase in storage and loss modulus. These differences may be 
attributed to the number of cross linking sites formed, strengthening the interaction 
between the organoclay and PEMA, which might not have occurred with pu. 
A better approach was needed to enhance the dynamic and mechanical properties of 
the il'N system. Composition ratio was one of the crucial factors used to search for an 
optimised formulation. DMT A results showed that at the 70PUl30PEMA il'N 
composition exhibited the highest value of component mixing, as seen from a broad 
tan 8 peak and gradual almost linear decreases in storage and loss moduli over the 
studied temperature ranges, as compared to those of the SOPUISOPEMA and 
80PU/20PEMA il'N with S wt% C20A. As the PU content in the IPNs was increased, 
the tensile strength at break, the modulus of elasticity and hardness tended to reduce, 
but there was an increase in the elongation at break. 
Variation of mixing time for dispersing the nanoclay into the polymer matrix showed a 
slight increase in phase separation with increased mixing time, which was exhibited by 
the DMT A results and also confirmed by M -TDSC themlogranls. The tensile 
properties and Shore A hardness of the IPN nanocomposites revealed a slight 
improvement with increasing the mixing time. The values went through a maximum at 
9 hour mixing time. Further increase in the mixing time led to a deterioration of the 
properties. 
The PU catalyst content showed a slight change in component mIxmg of il'N. 
Increasing the catalyst content, the tan 8 profi le showed more extent of mixing, giving 
lower tan delta max values and lower glass transition of the PEMA component. These 
might be because of a higher degree of restriction of PEMA segmental mobility and 
incomplete network fonnation of the PEMA. The elongation at break marginally 
increased with catalyst content, but a large increase was found for the tensile strength 
and modulus of elasticity. The tensile properti es showed op timum values at 1.6 wt% 
SnOct. 
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7.1.2 Optimisation of synthesis procedures. 
Variation of synthesis procedure. 
Conclusions and future work 
Variation of synthesis procedure by changing clay dispersion and the IPN component 
preparation steps were investigated. Details of these procedures and their flow 
diagrams are shown in chapter 3. 
For all synthesis routes, X-ray diffraction results indicated that the interlayer distance 
increased by almost the same amount from 2.29 nn1, observed for the C20A 
organoclay, to 3.84 nm, obtained for the IPN composites. This meant that the synthesis 
procedures did not affect the intercalation of the polymer molecules. Even though 
intercalation occun'ed in all IPN composites, regardless of the synthesis procedure, 
they were not pure nanocomposites. 
TEM micrographs showed some large clay aggregates. Unfi ll ed IPNs revealed a fine 
morphology with light, interconnected domains of PEMA in the dark, dominant PU 
matrix. Besides, the TEM micrographs also revealed a high extent of interphase as 
seen by the different shades of grey dispersed in the PU matrix. Incorporation of the 
C20A organoclay, by various synthesis procedures, exhibited no gross phase 
separation. The light, interconnected PEMA domains for all synthesis routes, became 
bigger and more distinct, indicating some extent of phase separation. Synthesis 
procedures one, two and four showed cellular structures, implying a higher extent of 
phase separation as compared to those of the original and synthesis procedure three. 
Corresponding data for the extent of phase separation of the IPNs, prepared by the 
various synthesis routes, were confinned by tan delta profiles. Those of the original 
synthesis procedure and synthesis procedure three revealed a lesser extent of phase 
separation. Consequently, they exhibited a higher storage and loss moduli compared to 
those of synthesis procedures one, two and four. Synthesis procedure three, which 
revealed the least extent of phase separation, showed the highest values of the tensile 
properties and of hardness. 
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Use of ultrasonication. 
Ultrasonication was used for I hour after fi nishing the clay mixing step in all the 
synthesis procedures. The influence of various ultrasonic-assisted synthesis procedures 
on the intercalation showed that nothing changed. X-ray di ffraction patterns revealed a 
similar interlayer distance to the unaided ultrasonication procedures. This indicated 
that the ultrasonic waves were unable to promote intercalation of polynler segments 
into the silicate clay galleries and improve the dispersion ability of the organoclay in 
this lPN system. 
TEM micrographs revea led some large aggregates, which meant that these were not 
pure intercalated IPN composites. The aided synthesis procedures sPa, SPI and SP4 
morphologies revealed a cellular structure with an incorporation of light PEMA 
domains in the cellular matrix. There were very fine domains for sPa, but they became 
bigger for SP I. The biggest cellular domains were found for SP4. However, the 
different shades of grey areas at the phase boundaries revealed some extent of phase 
mlxlI1g. 
The tan delta profiles showed that the ultrasonication aided original synthesis and 
synthesis procedure three exhibited a higher extent of mixing compared to those of 
SP I , SP2 and SP4. The storage and loss moduli of the spa and SP3 revealed higher 
va lues as compared to those of the SP I , SP2 and SP4. The same trends were also 
observed for the tensile strength and the elongation at break, the modulus of elasticity 
and the hardness. 
7.1.3 Influence of other nanoc1ays. 
C15A organoclay. 
With incorporation of CI5A organoclay in the IPN matrix, X-ray results showed an 
increase of the interlayer spacing from 3.24 nm, observed for C l5A organoclay, to 
around 3.80 nm, observed for lPN nanocomposites. This meant that the intercalation of 
polymer chains occurred. However, the clay loading was not a factor that controlled 
the diffusion of polymer chains into clay ga ll eries. 
244 
Chapter 7 Conclusions and future work 
TEM micrographs revealed that the light, interconnected PEMA domains became 
bigger, more obvious and more interconnected with increasing organoclay content. 
However, a large range 0 f di fferent shades of grey dispersed in the PU matrix could be 
seen, indicating some extent of molecular mixing between the two polymer 
components. 
DMT A results confimled the TEM micrographs. Increasing the C 15A content tended 
to exhibit a higher extent of phase separation. Tan delta profi les showed a less 
dominant PU transition and a higher and more di stinctive peak at the PEMA transi tion. 
The storage and loss moduli exhibit two-step broad profiles with increasing clay 
loading. They also revealed some degree of phase separation. Incorporation the C 15A 
organoclay decreased the tensile strength and elongation at break, but increased in the 
modulus of elasticity and hardness of the LPNs. 
C30B organocIay. 
C30B acted as a common fi ll er in the IPN systems. X-ray di ffraction results showed no 
change in the interl ayer spacing, indicating that the polyol and polymer molecules 
were unable to intercalate into the clay galleries. TEM micrographs revealed that the 
light, interconnected PEMA domains became bigger, and more interconnected with 
increasing the C30B content. Thi s showed some extent of phase separation. Tan delta 
profil es tended to show a high degree of phase separation with increasing clay content. 
However, adding the organoclay exhibited an increase in the modulus of elasti city and 
hardness value, whilst it decreased the strength and the elongation at break. 
Na cIay. 
Intercalation of the polymer segments into the Na clay was revealed by the X-ray 
diffi·action. The interl ayer distance increased from 1.11 nm, obtained from the pure Na 
clay, to 1.43 and 1.23 nm at I and 5 wt% clay contents, respectively. 
The light, interconnected PEMA domains were slightly bigger, and more 
intercormected, as the Na clay content increased. Besides, there were some small , light 
PEMA domains dispersed uniformly in the continuous PU matrix. Thus, the 
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morphology of these nanocomposites revealed some degree of component mixing. 
This was also supported by the DMT A results. 
Tan delta-temperature traces revealed a very broad and nearl y rectangular profile 
sp31ming the studied temperature range for the Na clay-filled lPN. The storage and loss 
moduli showed a gradual decrease with increasing the clay loading. Increasing the Na 
clay content caused the modulus of elasticity to increase, whil st the elongation at break 
decreased. 
Comparison of the clay types. 
At I wt% clay loading, the C I5A-, C20A- and Na clay-fi lled 70PU/30PEMA lPNs 
exhibited high damping characteri stics. They showed a broad loss factor, tan 8 :::: 0.3, 
spalming a temperature range of 130°C, implying micro-heterogeneity with some 
extent of molecular mixing. However, Na clay-filled lPNs showed a slightly lower loss 
facto r value, as compared to those of the C I5A- and C20A-filled lPNs. The C30B-
fill ed lPN tended to exhibit some phase separation as shown by a decrease in the tan 8 
max value at the PU Tg and an increase in tan 8 max value at the PEMA Tg. 
At 5 wt% clay content, the C20A- and C30B-filled lPNs showed high extents of phase 
separation, revealing a PU transition shoulder with a strong PEMA transition. This was 
attributed to a restricted mobility of segmental chains in both polymer networks. The 
loss and storage moduli also showed a two-step change at homopolymer Tgs. Na clay-
fill ed lPN still revealed a broad loss factor profil e spanning the measured temperature 
range, but exhibited a slightly lower value as compared to that of unfilled IPN. 
Tensile behaviour of filled lPNs with various types of nanoclay showed that fill ed 
lPNs revealed some improvement in tensile strength at break and modulus of elastici ty 
with a decrease in the elongation at break. The C I5A- and C20A-filled lPNs with I 
wt% clay loading showed the optimum tensile strength, which was around 33% of that 
fo r the unfilled lPN. Modulus of elasti city, for all clay types, gradually increased with 
increasing clay content. The C l 5A- and C20A-filled lPNs showed much improvement, 
more than two times, at 5 wt% clay loading, when they were compared to that of the 
pure IPN. Less pronounced improvements were shown by the C30B- and Na clay-
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filled IPNs. The reduction in the elongation at break gradually decreased as the 
nanoclay content increased for all fill ed IPNs, especiall y at the higher clay content. 
7.2 Recommendations for future work. 
Only partially interca lated IPN nanocomposites have been obtained and characterised 
in thi s study. Thus, the hoped for great improvement in dynamic and mechanical 
properti es has not yet been achieved. To achieve the fu ll intercalation/exfoli ation w ith 
high damping characteristic, the following investi gation should be attempted. 
I. An attempt should be make to study the effect of temperature and the 
combination of the temperature with other important factors such as 111lXlI1g 
order and mixing time. 
2. Other types of organoclay such as C lOA, C25A and C93A, should be 
examined. For C10A, C25A and C93A, their modifiers are more hydrophilic 
than those ofC l5A and C20A. 
3. Synthesis of new organ icall y-modi fi ed clay might be another way to achieve 
full exfo li ation/intercalation for thi s IPN system. The ability of the onium ion 
to assist in intercalation/delamination of the clay depends on its chemica l 
nahlre. 
4. Work should be conducted on other techniques to stud y damping 
characteri stics and to measure the damping abi lity of these materi als. One of 
the interesting ways is sound absorption measurements and also the use of 
these modifi ed materials in extensional and constrained layer damping systems 
under controll ed conditions, such as at various temperatures and frequenc ies. 
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